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UH-60A AIRLOADS CATALOG

SUMMARY

As a part of the NASA-Army UH-60A Airloads Program, instrumented rotor blades were
designed and built for the UH-60A helicopter that included 241 pressure tranducers on one blade
and a suite of strain gauges and accelerometers on a second blade. These blades were then installed
on a UH-60A at NASA Ames Research Center and a special purpose data acquisition system was
designed and built to acquire the rotating system measurements. The aircraft was also instrumented
with conventional aircraft state measurements as well as a suite of fuselage accelerometers.

Test flights of the highly-instrumented UH-60A were flown from August 1993 to February 1994
and an extensive data base was acquired. A total of 31 research flights were made with the majority
of the flights flown out of Moffett Field, California. The test data, in general, were acquired in
isolated airspace over the San Joaquin Valley. An exception to this procedure is that nine flights
were made in cooperation with NASA Langley Research Center, and for these tests the aircraft was
flown out of the Modesto airport and the data were acquired at the Crows Landing Naval Auxiliary
Air Field, also within the San Joaquin Valley.

Over 900 different test conditions, or counters, were recorded, processed, and stored in an
electronic data base as a part of this test program. The electronic data base, currently at NASA Ames
Research Center, includes approximately 30 GBytes of data obtained from the test program. This
Technical Memorandum summarizes the kinds of data that are in the data base to assist interested
users. Each set of test conditions is presented in a table which contains a unique identifying number
that is termed the counter number, the written description of the counter that is within the database,
and the duration of the counter in seconds. Within each table the counters are listed in chronological
order, and in some cases counters may be included within two or more tables if they meet different
criteria.

1. INTRODUCTION

The UH-60A Airloads Aircraft, flight tested from August 1993 to February 1994, is shown in
flight over the Livermore Valley of California in figure 1. The testing has been summarized in
reference 1 and results from these tests, to date, have been presented in references 2—15. A summary
description of the 31 test flights is provided here as table 1. The airloads program test objectives
were quite broad and included not only classical flight test conditions as might be encountered in an
aircraft development program, but also flight tests in conjunction with a ground-acoustic array
where flightpath control, aircraft tracking, and data sychronization issues were important as well as
formation flight with a YO-3A aircraft for airborne acoustic measurements. The differing
requirements of the program’s test objectives have affected the data reduction procedures and the
structure of the data base. There is a need for a comprehensive description of all the data that were
acquired in this test program as well as explanatory material as to how the data were acquired,
reduced, and stored in the data base. The purpose of the present Technical Memorandum is to
provide this comprehensive description of the data that were acquired as well as to provide the
reader with information on data acquistion and reduction issues.
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This Technical Memorandum is designed to list all of the flight counters (as well as some
pseudo-counters) in tables. Counters have been selected and assigned to tables using a variety of
criteria. For instance, there are tables that include hover conditions, level flight conditions, climbs,
descents, turns, and so forth. In some cases counters may be listed in more than one table. In
providing tables of the flight counters an effort has also been made to show examples of test data,
and in this way to provide a qualitative appreciation of the data that have been acquired. However,
these examples are quite limited and cannot be considered comprehensive.

The initial section of this report provides a general summary of the test procedures, data
acquisition, data reduction, and data base storage. Following the summary, section 3 discusses the
calibration of the instrumentation, the use of housekeeping points to track data integrity, and the
procedures for airspeed calibrations. The remaining sections of the report discuss the specific kinds
of data that were obtained. Section 4 summarizes the data that were obtained in steady flight, and
this includes forward flight sweeps, hover conditions, and a number of miscellaneous cases. Section
5 describes the portion of the test where data were obtained in conjunction with acoustic measure-
ments. This section includes both tests with a ground-acoustic array and inflight airborne acoustic
measurements. Section 6 describes climb and descent data and these include steady climbs and
descents, vertical climbs, high-speed dives, and autorotational descents. Section 7 covers cases
where the aircraft was in a steady turn, a diving turn, or a maneuver associated with a steady turn.
Section 8 treats maneuvering flight including pull-ups, pushovers, rolling pullouts, and roll
reversals. Section 9 finishes the recitation of data with flight dynamic data that includes 3-2-1-1
flight dynamic maneuvers and frequency sweeps. Finally, section 10 provides some concluding
remarks.



UH-60A AIRLOADS CATALOG

Figure 1.— UH-60A Airloads Aircraft over the Livermore Valley.
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Table 1.— Summary of UH-60A Airloads Program flights.

FLT FLIGHT OBJECTIVE DATA ACQUIRED

82  Low Airspeed Calibration Ground paced, 30 mph rwd to 70 mph fwd; Nr sweep on ground

83 High Airspeed Calibration Air-paced level flight, 80-160 kts; Nr sweep, 1 in. stick inputs on ground

84  Steady & Maneuvering Airloads® Level flight, 20 kts to Vh (127 kts) at Cy/s=0.09; accel./decel., hover to 50 kts

85 Steady & Maneuvering Airloads? Level flight, 20 kts to Vh (138 kis), steady turns at Cy,/s=0.08; roll reversals

88 Steady & Maneuvering Airloads? Level flight, 15 kts to Vh (122 kts), steady turns at Cy,/s=0.10; heading changes; decel.
89 Steady & Maneuvering Airloads® Level flight, 20 kts to Vh (109 kts), turns at Cy,/s=0.11; roll rev; pull-ups; pushovers
90  Steady & Maneuvering Airloads?® Level flight, 20 kts to Vh (90 kts), turns at Cy,/s=0.12 and 0.13; climbs

91 Ground Measured Acoustics Level flight, 60-143 kts; ascents, descents, 6°-12° glide slope

92  Ground Measured Acoustics Turns, 60 and 80 kts; heading changes, 15°-90°; ascents, descents, 6—12°

93 Ground Measured Acoustics Level flight, 60-143 kts; ascents, descents, 6°—12°

94 Ground Measured Acoustics Hover pedal turns, 250 ft AGL; ascents, descents, 3°-12°; climbs

95  Ground Measured Acoustics Ascents and descents, 3°-12°; level flight, 100 kts

96  Ground Measured Acoustics Constant radius turns, 60 kts, 1000, 1400, 1800 ft radii; low airspeed calibration

97  Ground Measured Acoustics Terminal area traffic turns, 30°-90° heading changes, 60 kts

98 Ground Measured Acoustics Constant radius turns, 60 kts, 1000, 1400, 1800 ft radii; low airspeed calibration

99  Ground Measured Acoustics Terminal area traffic turns, 30°-90° heading changes, 60 kts

100  Airborne Measured Acoustics Formation flight with YO-3A data acquisition aircraft, descents, 300-600 fpm

101 Airborne Measured Acoustics Formation flight with YO-3A data acquisition aircraft, descents, 400-900 fpm

102 Airborne Measured Acoustics Formation flight with YO-3A data acquisition aircraft, descents, 400-900 fpm

103 Airborne Measured Acoustics Formation flight with YO-3 data acquisition aircraft, descents, 300-400 fpm

105  Flight Dynamics? Frequency sweep control inputs (long., lat., col., ped.), 70 kts

106  Flight Dynamics® Turbulent air gust response, 80 and 120 kts

107  Flight Dynamics® Frequency sweeps control inputs (long., lat., col., ped.), 35 kts

108  Flight Dynamics? Frequency sweep (lat.) and 2-3-1-1 control inputs (long., lat., col., ped.), 35 & 70 kts
110 Maneuvers? Level flight, hover to 139 kts at Cy,/s=0.08; dives; turns; roll rev. pull-ups; pushovers
111 Flight Dynamics? Frequency sweeps control inputs (long., lat., col., ped.), hover

112 Flight Dynamics? Frequency sweep and 2-3-1-1 control inputs (long., lat., col., ped.), hover

113 Airborne Measured Acoustics YO-3A data acquisition aircraft, descents, 200-900 fpm; collective sweep on ground
114 Airborne Measured Acoustics YO-3A data acquisition aircraft, descents, 200-1000 fpm; collective sweep on ground
115 Maneuvers? Autorotations; climbs; turns; Nr sweeps, hover, 80, 120 kts

116  Maneuvers? Wind-up turns; dives; Nr sweeps, 30 kts; accel., hover to 50 kts

aAircraft longitudinal c.g. held constant by using movable ballast cart to offset fuel used.
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2. FLIGHT TEST PROGRAM PROCEDURES

Test Procedures

Flight Card- Test planning for each flight began with the preparation of the flight card that
listed the required test points to be covered during the upcoming flight. The card was developed by
the Test Director and was reviewed with the Project Pilot and then the project team. Under normal
circumstances the test flight was briefed on the afternoon prior to the flight. All flights were made
under VFR conditions and in the absence of precipitation.

Flight Test Operation— On the day of a scheduled flight the aircraft was powered up in the
hanger using a standard hydraulic mule. The rotor azimuth was set with Blade 1 over the nose of the
aircraft, and the pilot controls were set to a neutral position that was used for all flights.
Instrumentation power was turned on and tapes were loaded into the two tape drives. Preflight static
cal records were taken after the instrumentation power had been on for at least half an hour to allow
stabilization of the electronics. For performance flights the aircraft was weighed prior to leaving the
hanger and fuel density measurements were obtained. The static pressure at the aircraft was
measured with an independent instrument and this value was used to calibrate the ship and test
boom static pressure sensors. The flight engineer used the weight and balance data to determine the
c.g. position on the aircraft and to establish position requirements for the ballast cart that was used
to control aircraft c.g. in flight.

Prior to a flight, the crew chief prepared the aircraft within the hanger, following a normal pre-
flight checklist. The aircraft was then towed from the hanger to the ramp and the electrical systems
were powered from an auxiliary power cart. The onboard instrumentation was turned on and a half-
hour period was used to allow instrument system temperatures to stabilize. Once stabilized, the pre-
flight static calibrations were recorded by the flight engineer. The pilots would then do their
standard pre-flight checks for the aircraft. If control system calibrations were required, the aircraft
hydraulic systems were powered by auxiliary cart. The pilots would then perform the required
control system motions which were recorded. Following all checks and calibrations, the engines
were started and the rotor brought up to operational speed.

The aircraft was then taxied onto the runway and lifted off to a hover at approximately 70 feet
and an out-of-ground effect housekeeping point was taken. All instrumentation that could be
examined on telemetry was then checked, and if the systems were working satisfactorily the aircraft
departed for the flight test airspace in the San Joaquin Valley (about 20 minutes flying time from
Ames Research Center). On the departure from Ames, a second housekeeping point was taken as the
aircraft reached 1000-foot pressure altitude and an airspeed of 80 knots.

Once in approved airspace the test pilots would follow the test card for the flight. For
performance and inflight acoustic tests it was necessary to select a flight altitude as specified by the
value of the weight coefficient, Cy, on the test card. The aircraft telemetry signal included the
outside air temperature, pressure, rotor speed, airspeed, and fuel burned, and the Test Director’s
workstation in the telemetry room was programmed to calculate the advance ratio, blade tip Mach
number, and the Cy for the aircraft. The pilots were then instructed to increase or decrease altitude
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or airspeed as appropriate to meet the assigned test condition. During a constant Cyy flight it was
necessary for the aircraft to increase its altitude with each test point to compensate for fuel burn-off.
The flight engineer also monitored fuel burn-off and computed new settings for the ballast cart to
maintain a constant c.g. position for the aircraft.

The UH-60A automatic flight control system (AFCS) has five major subsystems: (1) a limited
authority stability augmentation system (SAS), (2) a trim system, (3) a flightpath stabilization
system (FPS), (4) a pitch bias actuator (PBA), and (5) the stabilator control system (ref. 16). The
SAS actuators are in series with the flight controls and have +10% authority. The SAS was designed
to provide the aircraft with three-axis rate damping and was left operational for all test flying, and
the SAS actuator positions were measured as part of the basic instrumentation system installed on
the aircraft. The trim system provided appropriate force-feel characteristics for normal operation of
the vehicle and was turned off for performance counters but was left on for other flights cases. The
FPS works through the trim system to provide attitude hold and turn coordination and it was turned
off for all test flights. Similarly, the PBA, which was designed to provide longitudinal static and
dynamic stability, was also turned off during test flights. The stabilator control system was opera-
tional for testing with the stabilator setting dependent upon airspeed and pitch attitude as determined
by the AFCS computer. However, for one airspeed case during performance testing, the stabilator
incidence was varied from +5 to —5 deg to examine the effects of variable stabilator incidence on
loads and performance.

The length of the recorded data stream on the primary and back-up tape systems varied
depending on the type of test condition. For steady flight conditions, a twenty-second record was
normally obtained. Upon stabilizing at the desired flight condition, the pilot would notify the flight
engineer who would turn on the flight tape recorders. The tape recorders were configured to
automatically turn off after recording 20 seconds of data but could be manually shutdown at the
flight engineer’s discretion. The inflight acoustic test points (section 5) required 30 seconds of data
instead of 20 seconds, while the length of the ground acoustic flyovers and maneuver data records
were variable and the tape recorder was manually controlled for each test condition. Control
frequency sweep records (section 9) generally required at least 90 seconds to complete and were
also manually controlled by the flight test engineer.

During the flight, two data streams were telemetered to the ground for monitoring. One stream
was obtained from the Airframe Data Acquisition System (ADAS) and one from the Rotating Data
Acquisition System (RDAS). The ADAS data stream included typical aircraft state measurements,
while the RDAS data stream included a limited number of blade pressures, strain-gauge outputs, and
accelerometer measurements. These parameters were monitored to check signal quality, to
determine if test card target values were achieved (in maneuvers, as an example), and to insure loads
did not exceed aircraft limits.

Following completion of the flight test card or, as sometimes happened, the aircraft became low
on fuel or there was insufficient data recording tape left, the aircraft was directed back to Ames. If
sufficient recording tape remained, an inbound 80-knot housekeeping point was taken at 1000-foot
pressure altitude while approaching Ames. Then, again, if there was sufficient tape, a final OGE
hover housekeeping point was taken just off the taxiway. The aircraft then landed on the apron at the
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hanger. Final static cal records were taken at this point and the aircraft was moved into the hanger
and, for performance flights, was weighed once again.

Early Problem with Rotor Speed Measurements— The test aircraft had two measurements of
rotor speed (item codes VR04 and VRO0S5). Both measurements were based on a pulse train from the
generator that provides the rotor speed signal for the ship's instrumentation and, in this sense, they
were not redundant measurements. The VR04 measurement used a frequency-to-voltage converter
to generate an analog signal of the rotor speed. The analog signal was then sampled by the ADAS
and recorded with the aircraft state data. The VRO5 measurement used the same pulse train as
VRO4, but the signal was never converted to an analog signal and was read directly as a digital
signal on the ADAS. It was determined that the VR04 measurement was normally one or two rpm
low, while the VRO5 measurement was accurate. However, during early testing for weight
coefficients of 0.08 and 0.09 (flights 84 and 85), VR04 was used in the real-time calculation of the
weight coefficients. This resulted in slightly lower values of weight coefficients than were targeted;
the values being lower by the square of the VR04 error. The values of the weight coefficients
obtained and stored within the data base for these two flights, therefore, are 0.0791 and 0.0891
respectively. Once this error had been detected, VRO5 was used for the real-time calculation of
weight coefficients on all subsequent flights.

Post-Flight Data Processing— Post-flight data processing consisted of two basic steps. The first
step added calibration files to the data records and aligned the data with proper time tags. This first
step was performed in the ground station computers and resulted in a set of digital tapes based on
the PCM tapes recorded in flight. The second step recomposed the data into time histories for each
sensor that were properly tagged with the parameters names, and then calculated statistics and
appropriate derived parameters. The data were then formatted and stored in the TRENDS data base
(ref. 17). This second step was done using a VAX computer.

In general, the amount of data that was stored in the data base was reduced from the quantity
recorded on the flight tapes through a process called “time slicing.” The concept behind time slicing
was to select the best five seconds of data out of a 20-second record and store only these data in the
data base. In this way the quantity of flight data was reduced by a factor of four. The appropriate
time slice was determined by a subjective examination of a number of aircraft state parameters. The
preferred means of making the examination was with the Test Director’s workstation in the
telemetry room. As the flight data were being recorded, parameters on the telemetry stream were
plotted in a “normalized” fashion where the mean value was removed and the data were normalized
by the standard deviation. Depending upon the parameter being examined, this provided the Test
Director information as to the best five seconds for data reduction. An example of normalized data
plotted from the Test Director’s workstation is shown in figure 2.

Following the flight, the Test Director provided the ground station personnel with a table of start
and stop times based on his assessment of the quality of the data, and these data were appropriately
sliced in the first data reduction step.

An alternative and more time consuming approach to time slicing was to go through the two
data-processing steps and then time slice afterwards using the NORMALIZE utility in TRENDS. A
new set of start and stop times would then be provided to the TRENDS data base manager and the
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second data reduction step would be repeated to save only the selected time slice. An example of
data plotted from the NORMALIZE utility is shown in figure 3.

The first step in the data processing, performed at the ground station, would also vary if there
were any failures in the primary flight data tape. The primary tape system recorded 10 streams of
RDAS data merged as a single stream on one tape, while the secondary or backup system recorded
each of the 10 RDAS streams as separate channels on the backup tape. In those cases where the
primary system failed it was necessary to process the backup flight data tape at the ground station
using a different data reduction program. However, the product of this first step was the same
regardless of which flight tape was processed.

Data Base— As mentioned above, the data stored within the data base was only a subset of the
data recorded. For a steady flight condition where 20 seconds of flight data were recorded, five
seconds were saved in the data base. For longer records, as obtained in the ground-acoustic tests,
inflight-acoustic tests, maneuvers, or flight dynamics tests, more than five seconds of data were
generally archived in the data base. In addition, the use of the time-slicing technique provided
flexibility in post-flight data processing so that multiple slices could be extracted from one counter
and saved in the data base. In these cases, the flight tape was processed twice, once for each time
slice. Normally, the first time slice was stored using the true flight counter number while the second
time slice was saved with an artificial counter number or pseudo-counter number. The pseudo-
counter numbers are identified in WORDSCAN in TRENDS by an “*” at the end of the test point
description and can also be recognized by the absolute start time associated with the pseudo-counter.
In the tables in this Technical Memorandum, pseudo-counters are also identified by an “*” at the
end of the description line.

A special case of multiple time slices is related to the flights flown with respect to the ground-
acoustic array (see section 7). For these counters, two sets of time slices were established, the first
set by Ames investigators and the second by Langley personnel. The time-slicing criteria used at
Ames for the ground-acoustic tests were the same as for all other flight conditions. The resulting
data were stored in the same data base as the other flight data. The time-slicing criteria used by
Langley engineers made use not only of aircraft state measurements but also of ground-acoustic
measurements. In particular, for the Langley-selected data it was necessary to insure that the time
slice was taken when the aircraft was near the acoustic array and there was good signal-to-noise in
the acoustic measurements. A separate data base, therefore, was created for the Langley time slices.
Users of TRENDS can access flight data in either the normal data base, labeled “BH2,” or the
Langley data base, labeled “BHL.” Note, however, that there are no acoustic data in either of these
data bases.

In addition to the second data base that was created to include the Langley time slices, a special
partition of the BH2 data base was also made to store intermediate results from the ground-acoustic
tests. This section consists of the counters from the nine ground acoustic flights (91 to 99) that were
processed without the blade pressure transducer data. Unlike normal records, however, these
counters cover the entire time that the tape recorder was on, that is, there was no time slicing. These
full-record counters were obtained to provide a data base for the subsequent time slicing by the
Ames and Langley organizations. Pressure data were not included to keep the size of this data base
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tractable. Counter numbers for this special partition are created by using a prefix-4 with the original
counter number. Thus, the full-record counter number equivalent to counter 9121 is 49121.

Ground-A coustic Test Procedures

Test procedures during the ground-acoustic tests were similar to those described for the other
tests. A total of nine flights were made over a 10-day period to accomplish these tests. The aircraft
and the maintenance crew were stationed at the Modesto Airport during this portion of the program
to allow for more efficient use of time for aircraft and instrumentation maintenance. The Langley
acoustic crew was stationed at Crows Landing and they monitored the flights from acoustic vans
adjacent to the Crows Landing laser tracking ground station. The flight crew and the Airloads test
team were stationed at Ames. The flight crew was ferried back and forth to Modesto each morning
for testing while the flight was monitored from the ground station at Ames which was done for other
flights. Full radio and telemetry communication with both the Crows Landing's ground station and
the aircraft was maintained during this testing.

The airfield at Crows Landing was selected because of the low level of flight activity in the
region, the low background noise signature, the availability of the facilities including runways and
fuel, a ground station equipped with radios, telemetry and a data acquisition system, a laser tracker,
a redundant radar tracker, and a crash rescue crew for emergencies. The layout of the Crows
Landing airfield is shown in figure 4. The figure has been digitized from a plot plan of the airfield
used at Ames Research Center. The airfield has two runways (35 and 30), and Runway 35, with a
nominal orientation of 355 deg magnetic, is oriented vertically in the figure. Based on the Crows
Landing 7.5-minute topographic sheet dated 1980, the runway orientation is 11.1 deg east of true
north and 6.5 deg west of magnetic north (353.5 deg magnetic).

The acoustic setup for these tests has been described in detail in reference 3, however, a brief
overview is also provided here. The basic 18-microphone array was setup in a "T" shape with the
center or reference microphone placed at the intersection of runways 35 and 30 as shown in figure 4.
The aircraft flew a ground track perpendicular to Runway 35 from the west to the east as indicated
in the figure. The airspeed, descent and ascent angles were varied to obtain a complete mapping of
the acoustic signature of the UH-60A in a wide variety of low altitude takeoff and landing
conditions. A major element in the successful testing of the UH-60A for ground acoustics was the
accurate measurements of the aircraft position as it flew over the microphone array. These
measurements were obtained with a laser tracker that was installed at the Crows Landing Airfield
and its location is indicated in figure 4.

Flightpath guidance was supplied to the UH-60A pilots with a real-time position feedback
system developed and operated at Crows. This was done by comparing the measured flight track as
determined by the laser tracker with a prescribed flightpath. The calculated error was then trans-
mitted to the aircraft using the Instrumented Landing System (ILS) frequencies and standard ILS
instrumentation in the cockpit. The pilot would monitor the ILS and make altitude and azimuthal
correction as he approached the microphone array. This system allowed the Airloads project team to
complete the acoustic test matrix with a low number of repeat runs caused by out-of-tolerance
flightpath errors.
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During the ground-acoustic testing, wind velocities were measured with three different systems:
(1) the normal ground system used at Crows Landing Airfield, (2) a 10-meter tower that was
installed and operated by Langley Research Center, and (3) a tethered balloon, also installed and
operated by Langley. The location of each of these systems is indicated in figure 4. The standard
Crows wind measurements were recorded during the tests and are stored in the TRENDS data base
as WINDSP and WINDR. The WINDR is specified within the Runway 35 axis system as shown in
figure 4. Thus a 5-knot wind at 0 deg blows from north to south along the centerline of Runway 35,
while a 5-knot wind at 90 deg blows from east to west across the runway. The data recorded by
LaRC were not stored within this data base. A detailed analysis of all the Crows Landing hover and
low speed flight data using the wind aloft data recorded by Langley has been completed and is
discussed below in section 4.1.

The Langley Research Center anemometer tower or profiler measures wind speeds at five
heights above the ground: 0.70 m, 2.62 m, 5.12 m, 7.00 m, and 10.00 m. The wind directions are
measured at 0.70 m, 5.12 m, and 10.00 m. These data were acquired to support the ground-acoustic
measurements and are not included in the TRENDS data base.

Langley also uses a tethered balloon to measure atmospheric properties at heights greater than
the profiler. Under normal circumstances the balloon is raised and lowered between ground level
and 500 ft, the wind speed, wind direction, turbulence level, temperature, and humidity are
determined. As with the profiler data, these measurements are not included in the TRENDS data
base.

Ground-acoustic data were collected for level flight, descents, and climbs as the UH-60A flew
along the flight track indicated in figure 4. In addition, hover data were collected as the aircraft
maintained a steady hover over the reference microphone at 250-ft elevation. The effects of turning
flight were also evaluated by having the aircraft make left and right turns of 30, 45, 60, and 90 deg
as it passed over the reference microphone. A second approach to the measurement of acoustics in
turning flight used a different microphone layout (see section 10) and the aircraft flew a continuous
circular flightpath centered about the reference microphone for one complete revolution. The
airspeed was kept constant at 60 knots Indicated Airspeed (IAS) and three different radii were
flown.

Air-to-Air Acoustic Test Procedures

Air-to-air or inflight acoustic measurements were made with the UH—60A in formation flight
with a YO-3A aircraft that was used as a flying microphone platform. The two aircraft are shown in
formation flight in figure 5. These measurements were made as a part of the NASA Ames Inflight
Rotor Acoustic Program (IRAP)".

For these tests a matrix of airspeed and weight coefficients were selected that matched wind
tunnel data taken with a model-scale UH-60A rotor (ref. 19). The airspeeds, weight coefficients,
and rates of descent are shown in table 2. At each test point the flight elevation was set so that the
desired weight coefficient would be obtained during the data record. The YO-3A established the
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proper airspeed and descent rate for the test condition and the UH-60A would follow above and
behind the YO-3A. The distance between the UH-60A and the YO-3A was measured with a hand-
held laser tracking device and, based on these measurements, the UH-60A pilot was directed to
move his aircraft either closer to or further from the YO-3A so as to obtain a separation distance of
1.5 rotor radii. As the target altitude was approached, synchronized data were recorded on both
aircraft for 30 seconds. Each test condition was repeated several times to ensure that at least one
counter would provide a suitable steady measurement. The time slices saved to the data base were
determined after the flight following a review of both the UH-60A and YO-3A data. Typically, 14
seconds of data from the UH-60A were loaded in the BH2 data base.

Flight Dynamics Testing Procedures

Two approaches were used to obtain flight dynamic data during the UH-60A Airloads Program.
First, a specified 2-3-1-1 input was used for each control to provide a fairly broadband excitation to
the aircraft and, second, a frequency sweep method was used to allow identification of the aircraft
characteristics (ref. 20). Both approaches were used at three airspeeds: hover, 35 KIASB, and 70
KIASB. The hover testing (Flight 111 and 112) were done at the Crows Landing Airfield in order to
use the laser tracker at that facility and was performed out of ground effect. For these tests the SAS
and FPS systems were disabled and the stabilator was fixed at the appropriate position for the
selected flight speed. The position data from these tests is integrated into the data base, just as it was
for the ground acoustic test data. The airloads measurements were considered of secondary
importance for these flights, but it is believed that the airload information collected during this
testing is of unique value and may well provide useful data for future research.

2-3-1-1 Control Input Testing— The 2-3-1-1 control input is a series of four step inputs made
sequentially in alternate directions. The duration of each step is defined by the numeric value given
in its name. Specifically, the numbers define a unit length of time that a control input is held. For
example, if the unit of time is one second, then 3 represents an input that is held for 3 seconds, and
the total maneuver input sequence would last 7 seconds. Alternatively, if the unit of time was
2 seconds, the 3 would stand for 6 seconds, and the total maneuver input sequence would last
14 seconds. The unit of time is selected based on the predicted frequencies of the various flight
modes. For the UH-60A Airloads test this base unit of time was 0.5 seconds and this results in a
total length for the control input sequence of 3.5 seconds. During the control inputs the pilot
attempted to avoid control motions in other control axes to isolate the input to the control axis of
interest. The average length of records for these tests was 20 seconds which included a steady flight
portion prior to the input and a period of time for recovery following the input. The length of these
records allowed them to be handled with the same procedures used for typical flight cases.

Frequency Sweep Inputs— Frequency sweep control inputs were used to provide data that could
be analyzed in the frequency domain to identify aircraft flight dynamic modes. The pilot started the
frequency sweep from a steady flight condition with a sine wave input to a single control with a
frequency of about 0.1 Hertz. The pilot shortened the period of each successive oscillation in a
smooth fashion until a cutoff frequency was reached. This cutoff frequency in most cases was a
consequence of pilot limitations, but in some cases the frequency sweep was terminated because of
excessive aircraft structural response. In general, the highest frequency achieved was of the order of
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5 or 6 Hz and the entire record would take about one minute to complete. Particularly at the lower
frequencies there was a tendency for the aircraft to depart from a trimmed flight condition, and it
was necessary for the pilot to maintain trim simultaneously with the swept frequency input. This
piloting task was made more difficult by the need to avoid any inputs in the other control axes.

The long length of the frequency sweep counters required adjustments in the normal data
recording and processing steps. During the test point the flight test engineer incremented the flight
counter roughly every 20 seconds. Then, during ground processing, each of these counters was
treated as an independent segment of the test point. Within the data base these segments are
identified as “SEG 1,” “SEG 2,” and so forth. In processing the segments, approximately a tenth of a
second of overlap was included in the data base. To analyse these data records using the frequency
domain methods™, it is necessary to concatenate the individual counters outside of the TRENDS
data base.

Table 2.— Test matrix for IRAP flights.

AIRSPEED, C,/o RATES OF DESCENT,
KIASB FT/MIN
65 0.070 0-900
65 0.086 200-900
68 0.070 200-1000
75 0.070 0-900
95 0.070 300-400

12
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Figure 5.— UH-60A airloads aircraft in formation flight with YO-3A.
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3. CALIBRATIONS

Two types of calibrations were used for instrumentation for the Airloads Project: linear and
nonlinear. The vast majority of sensor calibrations used the classical approach where the measure-
ment in engineering units is related to the measurement in PCM counts as:

P=mx+b (1)

where P is the measured value in engineering units, m is the calibration slope, x is the measurement
in counts, and b is the bias or offset. Nonlinear calibrations of the form

P=ay+a + a2x2 (2)

where the q; are the coefficients of a second-order polynomial, were used for the flight control
displacements. Nonlinear calibrations were also used for airspeed and the blade root angles
determined from the blade motion hardware (BMH).

Linear Calibrations

Each pressure transducer was calibrated in the laboratory prior to installation in the pressure
blade to determine its response to pressure and temperature. These laboratory calibrations covered a
range from 2 to 20 psia in pressure and 40 to 140 deg F in temperature. Frequency response tests
were also performed on these transducers using an acoustic microphone so as to measure the
frequency response within the range of the instrumentation filters. The pressure transducers were
also calibrated as installed in the blade during the flight test program using a sealed bag that
surrounded the blade. The bag was evacuated, to reduce pressure, but was not pressurized above
atmospheric pressure. Hence, these bag cals ranged from 8 to about 15 psia. The temperature for the
calibration was not controlled. The bag cals were performed irregularly during the flight program.
The calibration slopes determined from each bag cal were used in the data reduction programs until
replaced by the next bag cal.

Strain gauges on the strain-gauge blade were calibrated in the laboratory with the blade locked in
a fixture. The blade was aligned so that the clevis was at zero deg pitch angle, which resulted in
nonzero inclination of the principal axes at the outboard radial stations. The largest inclination was
+8.6 deg at 0.20R. The flap and chord bending moments calibration slopes were not corrected for
these inclinations.

The shaft bending and shaft torque strain gauges were calibrated by Sikorsky Aircraft using their
standard calibration fixture.
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Calibration slopes for those accelerometers that could be easily removed from the blades, hub, or
fuselage were determined by turnover cals. However, there was no access to a number of accelero-
meters within the blade and these calibrations were obtained from blade turnover cals performed
when the blade was in the laboratory.

The calibration slopes of various other parameters such as the actuator motions determined by
Linear Variable Differential Transformers (LVDTs), string pots, tail rotor torque, tail rotor pitch,
and so on were obtained in laboratory calibrations.

The offset, b, in Eq. (1) was obtained from pre- and post-flight static cals. Pre-flight static cals
were obtained in the hanger prior to the flight, while post-flight static cals were normally obtained
on the runway apron following the flight. In both cases, Blade 1 was positioned directly over the
nose of the aircraft. The static cal counters used for the flight test program are identified in table 3.

In general, the static cals were used to determine the bias term based in Eq. (1)
1
b=P(0) —Em(xl - X)) 3)

where x; is the counts obtained from the pre-flight static cal, x, is the counts from the post-flight
static cal, and P(0) is an established offset value. For some sensors, P(0) is simply zero. In many
cases, however, P(0) was assigned a known value at the time of the static cal. For example, the
aircraft outside air temperature (OAT) measurement was set to values measured at the aircraft
before and after the flight. Figure 6 shows the pre- and post-flight OATSs that were obtained over the
course of the flight program. This figure was made in TRENDS by first creating a Derived Counter
Set (DCS) of all pre- and post-flight static cals. Then the temperatures (T100) were plotted as a
function of the counter number using the MINMAX menu in TRENDS. The initial flights were from
July (Flight 81) to September (Flight 90) and the ground OATSs were close to 20 deg C during that
period. The ground acoustic flights (Flights 91-99) were flown in November and a characteristic
pattern is seen as a consequence of flying two flights a day. The pre-flight temperature is below 9
deg C for the pre-flight cal of the first flight, but it is generally over 20 deg C for the post-flight cal
after the second flight. Flights 100 to 116 were flown in January and February and the colder
temperatures for the static cals are evident.

For the strain gauges on the rotor blades, P(0) was determined based on blade mass properties
(refs. 21 and 22). The P(0) values for the bending and torsion moments are given in table 4. The
calculated static flap and chord bending moments at each station are caused by the mass of the blade
outboard of the station. These moments are quite large at the most inboard stations. Static chord
bending moment occurs because of the inclination of the blade’s principal axes at each station. The
torsion moment is caused by slight torsional mass offsets that occur along the blade and these
corrections are quite small.

The P(0) bias used for vertically-mounted accelerometers was 1.0.
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Equation (3) was modified for the offset calculation for the blade pressure transducers in that
only the pre-flight static cal was used to determine b. P(0) in this case is the atmospheric pressure
measured at the aircraft at the time of the pre-flight cal. Figure 7 shows the pressure recorded for the
static cals for P701, the transducer at 0.92R and 0.01c. These pressure measurements were
calculated and plotted in TRENDS in the same manner as the outside air temperature discussed
above. As expected these measurements tend to group around the nominal sea level pressure, 14.7
psia.

The calibration coefficients and offset values for all flights are stored in the TRENDS data base
and can be accessed through the TRENDS menu item CALIBS.

Nonlinear Calibrations

Flight Controls— The cockpit control positions and flight control positions were calibrated by
fitting a second order polynomial to data obtained over the entire motion range, and these calibra-
tions were used for data reduction. The zero and first-order terms are contained in the CALIBS files
in the TRENDS data base, but the second-order terms are not accessible. Periodically during the
program these calibrations were checked, particularly for bias, and corrections were made.

Airspeed Calibrations— The Airloads aircraft used three airspeed systems during the test
program. Two of the airspeed systems were pitot-static systems. One pitot-static system was
installed on an instrumentation boom while the second was the ship’s system. A low-speed
measuring system, called HADS, for Helicopter Airspeed Data Sensor, was generally used below
20 knots. The boom and low-speed measuring systems were calibrated as part of the test program.

The two pitot-static systems measured the static pressure, P,, and the dynamic pressure, g. These
are related by

q=hH-FK “4)

where P, is the total or stagnation pressure. Errors can occur in either total pressure or static pressure
because of the effects of the vehicle on the air stream and, at low speeds, by rotor downwash. These
errors are influenced by changes in vehicle angle of attack or sideslip, whether caused by climb,
descent, center of gravity location, or control inputs. For the calibration of the boom system it was
assumed that an error occurred only in the measurement of the static pressure. This error, referred to
as the position error, was calculated based on the indicated and calibrated airspeeds. The indicated
airspeed was obtained from the compressible, isentropic Bernoulli’s equation. The calibrated
airspeed was obtained by fitting airspeed calibration data obtained on Flights 82 and 83.

Calibration data for Flight 82 were obtained using a ground pace vehicle. Paired north and south
runs were used to correct for winds. Data were obtained from hover to 70 miles per hour in 5 mph
increments. The counters for these low airspeed tests are shown in table 5. The pace car speed, item
code VPAC, is stored in the TRENDS data base. Only data above about 30 or 40 knots were used
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for calibration of the pressure measurements. The remaining data were used for calibration of the
low-speed system as is discussed below.

Calibration data for Flight 83 were obtained by paced flying with a special purpose T-34
aircraft. At the time of the airspeed calibration the T—34 was based at the U.S. Army Aviation
Engineering Flight Activity at Edward Air Force Base, and it flew to Moffett Field for the airspeed
calibration. The counters for these airspeed calibration tests are shown in table 6. The aircraft was
equipped with two independent airspeed systems. The calibration of the T-34 airspeed systems
depends upon periodic flights with a trailing bomb. The trailing bomb, in turn, has been calibrated in
the NASA Ames 7- by 10-Foot Wind Tunnel. On this flight, the UH-60A was flown from 80 knots
indicated airspeed up to 160 knots in 10 knot increments and was paced at each flight speed by the
T-34. For speeds above 135 knots the UH-60A was required to dive to obtain sufficient airspeed.
However, above 160 knots the T-34 could not match both the airspeed and the dive angle of the
UH-60A and this provided the upper limit for the airspeed calibration.

Using the indicated airspeed computed from the pitot-static system and the calibrated airspeed
based on a fit of the data from Flights 82 and 83, a position error was determined for the boom
system. This position error was then used to correct the static pressure (HOO1) and the dynamic
pressure (VOO1). The true airspeed was then determined as a function of the corrected dynamic
pressure, the static pressure, and the density.

For the ship’s system, a previous derivation of calibrated airspeed was used to compute the
position error and the ship’s system true airspeed was then computed in the same manner as the
boom system.

At low airspeed the boom and ship’s system become inaccurate because the pressure differential
between total and static pressure becomes small and other effects, such as the rotor downwash,
become more important. The HADS system does not rely on differential pressure for the determina-
tion of velocity. Instead, the HADS system places a total pressure probe within the rotor downwash
that is mounted so it can act as a weather vane. As the aircraft moves forward, backward, or side-
ways the weather vane system measures the change of the downwash angle of the rotor induced
flow. The measured downwash angles and total pressure are then related to the vehicle's velocity
through calibration. The HADS supplied three separate measurements to the data base, downwash
velocity (LSSZ), forward velocity (LSSX), and sideways velocity (LSSY).

Two approaches were used for calibration of the HADS system. In the first approach, on Flight
82, the aircraft was flown along the runway and ground speed was determined with a pace vehicle.
The counters for this flight are in table 5. Repeat north and south runs were averaged to correct for
wind effects. This calibration was largely in ground effect, although the rotor height above the
ground varied with airspeed. The second calibration method, on Flights 96 and 98, was used during
the ground-acoustic portion of the test program and is discussed in section 5. The counters for the
second calibration are listed in table 7. Data were obtained from about —10 knots to +40 knots in
5 knot increments at a test altitude of 250 feet. The three components of measured velocity from the
HADS system, LSSX, LSSY, and LSSZ, and the three components of velocity measured by the
laser tracker, XLDOT, YLDOT, and ZLDOT, are stored in the TRENDS data base. A tethered
weather balloon provided by Langley Research Center was used for estimates of wind speed and
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direction at the test altitude, and these wind estimates were used to correct the inertial measurements
to provide the true airspeed of the aircraft. The corrected inertial measurements for the calibration
cases are shown in table 8 as three components of advance ratio. A second-order polynomial was
used to relate the LSSX velocities to the corrected inertial measurements.

The data obtained during the second calibration are considered to be more accurate and have
been used for the HADS calibration in the TRENDS data base. The calibrated LSSX values for the
HADS system are compared with the corrected inertial velocities in figure 8. The LSSX values have
been extracted from TRENDS using VIEW, while the corrected values are from table 8. Generally
good agreement is observed between about zero airspeed and 20 knots which is the range used for
the calibration. Above 30 knots the HADS system reads 5-10 knots low and is not trustworthy.

Figure 9 compares the HADS airspeed data (LSSX) and the calibrated airspeed (VTRU)
obtained with the pace car calibration on Flight 82. The HADS airspeed data, the calibrated airspeed
data, and the pace car speed have been extracted from TRENDS using VIEW and averaged for the
appropriate north-south pairs of paced flight. The HADS data are nonlinear and are not suitable for
calibration. Using the corrected velocities, based on the second calibration, the airspeed values are
mostly correct, but show local nonlinearities. It is speculated that the presence of a ground vortex in
the airspeed range from 10 to 25 knots is responsible for this behavior.

The high-speed and low-speed calibrations are combined in the parameter VTRU. Below
20 knots, VTRU is equivalent to the calibrated LSSX airspeed from the HADS system and above
20 knots is equivalent to the VTAS airspeed that is based on the boom system. Figure 10 shows an
example of the overlap between the airspeed measurements for the airspeed sweep obtained on
Flight 85. Below 20 knots the VTRU and LSSX are identical, while the boom speed shows
erroneous results. Above 20 knots, VTRU and the boom speed, VTAS, exactly match while the
HADS airspeed is in error.

Blade Root Angle Calibrations— The root motions of the UH-60A rotor blades were measured
with a linkage mounted between the hub and the blade root and included three rotating hinges that
used Rotary Variable Differential Transformers (RVDTs) to measure hinge rotation. This linkage
was referred to as the Blade Motion Hardware (BMH) and is illustrated in figure 11 for one blade.

The blade root motions are related to the hinge point rotations as measured by the RVDTs by
three nonlinear, kinematic equations. The equations for the blade root pitch angle, 6, the blade root
flapping angle, £, and the blade root lead-lag angle, ¢, are:

(1- k; tan B) [ kT |

0 = (ksT* + k T)| —=—=— | + k| Z ———2—
(sT ks )k Jcos B )+ IOL (1+sinB)k9J ©)

(1-cosT
,B:k132+k23+k3 +k4\m) (6)
ke T

-7 — 7
> (1+sin B)® @

21



SECTION 3

where T, B, and Z are the pitch, flap, and lead-lag RVDT rotation angles and k; through &, are
calibration constants. These equations are originally from reference 23, although some minor sign
errors have been corrected. Although not apparent from these equations, the nonlinearities and
coupling are fairly weak for the pitch and flap angles and it is possible to approximate these motions
with a linear calibration. The lead-lag motion, however, is strongly coupled and depends upon all
three of the RVDT measurements.

The ten BMH calibration constants for each blade were obtained by setting the blade to specific
pitch, flap, and lead-lag angles and recording the RVDT outputs. A calibration angle matrix was
established that covered the full range of angular deflections and also had sufficient points to
properly identify the coupling terms in the equations. These calibrations required somewhat more
than a day for each blade and were performed only once, at the start of the test program. Unlike
conventional measurements where zero shifts are measured for each run, no equivalent procedure
exists for the BMH measurements and there was a degradation in measurement accuracy over the
course of the test program because of zero shifts in the RVDT measurements.

Both the uncalibrated RVDT voltages and the converted blade root motions are stored in the
TRENDS data base. Table 9 lists the item codes for these parameters.
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Table 3.— Static cals.

FLIGHT COUNTER DESCRIPTION DURATION
FLT 82 CTR 8202 PREFLIGHT STATIC CAL 5.00 Seconds
FLT 82 CTR 8264 POSTFLIGHT STATIC CAL 4.99 Seconds
FLT 83 CTR 8303 PREFLIGHT STATIC CAL 5.00 Seconds
FLT 83 CTR 8341 POSTFLIGHT STATIC CAL 4.99 Seconds
FLT 84 CTR 8405 PREFLIGHT STATIC CAL 5.00 Seconds
FLT 84 CTR 8435 POSTFLIGHT STATIC CAL 4.99 Seconds
FLT 85 CTR 8503 PREFLIGHT STATIC CAL 5.00 Seconds
FLT 85 CTR 8540 POSTFLIGHT STATIC CAL 4.99 Seconds
FLT 88 CTR 8802 PREFLIGHT STATIC CAL 5.00 Seconds
FLT 88 CTR 8838 POSTFLIGHT STATIC CAL 4.99 Seconds
FLT 89 CTR 8902 PREFLIGHT STATIC CAL 5.99 Seconds
FLT 89 CTR 8935 POSTFLIGHT STATIC CAL 5.37 Seconds
FLT 90 CTR 9002 PREFLIGHT STATIC CAL 5.00 Seconds
FLT 90 CTR 9034 POSTFLIGHT STATIC CAL 4.99 Seconds
FLT 91 CTR 9102 PREFLIGHT STATIC CAL 6.00 Seconds
FLT 91 CTR 9126 POSTFLIGHT STATIC CAL 5.40 Seconds
FLT 92 CTR 9202 PREFLIGHT STATIC CAL 5.91 Seconds
FLT 92 CTR 9224 POSTFLIGHT STATIC CAL 5.99 Seconds
FLT 93 CTR 9302 PREFLIGHT STATIC CAL 5.00 Seconds
FLT 93 CTR 9329 POSTFLIGHT STATIC CAL 1.81 Seconds
FLT 94 CTR 9402 PREFLIGHT STATIC CAL 5.00 Seconds
FLT 94 CTR 9430 POSTFLIGHT STATIC CAL 4.99 Seconds
FLT 95 CTR 9502 PREFLIGHT STATIC CAL 5.00 Seconds
FLT 95 CTR 9531 POSTFLIGHT STATIC CAL 4.99 Seconds
FLT 96 CTR 9602 PREFLIGHT STATIC CAL 2.00 Seconds
FLT 96 CTR 9646 POSTFLIGHT STATIC CAL 1.99 Seconds
FLT 97 CTR 9702 PREFLIGHT STATIC CAL 5.00 Seconds
FLT 97 CTR 9731 POSTFLIGHT STATIC CAL 1.99 Seconds
FLT 98 CTR 9802 PREFLIGHT STATIC CAL 5.00 Seconds
FLT 98 CTR 9844 POSTFLIGHT STATIC CAL 5.00 Seconds
FLT 99 CTR 9902 PREFLIGHT STATIC CAL 4.78 Seconds
FLT 99 CTR 9929 POSTFLIGHT STATIC CAL 1.99 Seconds
FLT 100 CTR 10002 PREFLIGHT STATIC CAL 3.00 Seconds
FLT 100 CTR 10017 POSTFLIGHT STATIC CAL 2.00 Seconds
FLT 101 CTR 10103 PREFLIGHT STATIC CAL 2.00 Seconds
FLT 101 CTR 10119 POSTFLIGHT STATIC CAL 1.99 Seconds
FLT 102 CTR 10202 PREFLIGHT STATIC CAL 2.00 Seconds
FLT 102 CTR 10223 POSTFLIGHT STATIC CAL 2.00 Seconds
FLT 103 CTR 10302 PREFLIGHT STATIC CAL 2.00 Seconds
FLT 103 CTR 10314 POSTFLIGHT STATIC CAL 1.99 Seconds
FLT 105 CTR 10502 PREFLIGHT STATIC CAL 5.99 Seconds
FLT 106 CTR 10602 PREFLIGHT STATIC CAL 2.00 Seconds
FLT 106 CTR 10611 POSTFLIGHT STATIC CAL 1.99 Seconds

23



SECTION 3

Table 3.— Concluded.

FLIGHT COUNTER DESCRIPTION DURATION
FLT 107 CTR 10704 PREFLIGHT STATIC CAL 1.99 Seconds
FLT 107 CTR 10739 POSTFLIGHT STATIC CAL 1.99 Seconds
FLT 108 CTR 10803 PREFLIGHT STATIC CAL 2.00 Seconds
FLT 108 CTR 10840 POSTFLIGHT STATIC CAL 1.99 Seconds
FLT 110 CTR 11002 PREFLIGHT STATIC CAL 1.20 Seconds
FLT 110 CTR 11035 POSTLFIGHT STATIC CAL 1.99 Seconds
FLT 111 CTR 11102 PREFLIGHT STATIC CAL 2.00 Seconds
FLT 111 CTR 11144 POSTFLIGHT STATIC CAL 1.99 Seconds
FLT 112 CTR 11246 POSTFLIGHT STATIC CAL 1.99 Seconds
FLT 113 CTR 11302 PREFLIGHT STATIC CAL 2.00 Seconds
FLT 113 CTR 11332 POSTFLIGHT STATIC CAL 2.00 Seconds
FLT 114 CTR 11402 PREFLIGHT STATIC CAL 2.00 Seconds
FLT 114 CTR 11427 POSTFLIGHT STATIC CAL 1.99 Seconds
FLT 115 CTR 11502 PREFLIGHT STATIC CAL 2.00 Seconds
FLT 115 CTR 11545 POSTFLIGHT STATIC CAL 1.99 Seconds
FLT 116 CTR 11647 PREFLIGHT STATIC CAL 2.00 Seconds
FLT 116 CTR 11690 POSTFLIGHT STATIC CAL 2.00 Seconds

Table 4.— Strain-gauge blade static offsets used for pre- and post-flight static calibration offset.

/R FLAP BENDING CHORD BENDING TORSION
MOMENT, IN-LB MOMENT, IN-LB MOMENT, IN-LB
0.113 —27422 3000 —
0.200 —22056 3534 —
0.300 —17048 2264 53
0.400 -12715 1323 —
0.500 —9008 674 22
0.600 -5792 265 —
0.700 —2826 61 -1
0.800 -1298 22 —

0.900 —203 — 18
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Table 5.— Low-airspeed calibration data obtained on Flight 82 using a ground pace vehicle.

FLIGHT COUNTER DESCRIPTION DURATION
FLT 82 CTR 8213 HOVER IGE, NR=100%, NORTH 4.99 Seconds
FLT 82 CTR 8214 FWD FLT, 5 MPH, NORTH 4.99 Seconds
FLT 82 CTR 8215 FWD FLT, 10 MPH, NORTH 4.99 Seconds
FLT 82 CTR 8216 FWD FLT, 15 MPH, NORTH 4.99 Seconds
FLT 82 CTR 8217 HOVER IGE, NR=100%, SOUTH 3.97 Seconds
FLT 82 CTR 8218 FWD FLT, 5 MPH, SOUTH 4.99 Seconds
FLT 82 CTR 8219 FWD FLT, 10 MPH, SOUTH 4.99 Seconds
FLT 82 CTR 8220 FWD FLT, 15 MPH, SOUTH 4.99 Seconds
FLT 82 CTR 8221 RT SIDE FLT, 5 MPH, NORTH 4.99 Seconds
FLT 82 CTR 8222 RT SIDE FLT, 10 MPH, NORTH 4.99 Seconds
FLT 82 CTR 8223 RT SIDE FLT, 15 MPH, NORTH 4.99 Seconds
FLT 82 CTR 8224 RT SIDE FLT, 5 MPH, SOUTH 4.99 Seconds
FLT 82 CTR 8225 RT SIDE FLT, 10 MPH, SOUTH 4.99 Seconds
FLT 82 CTR 8226 RT SIDE FLT, 15 MPH, SOUTH 4.99 Seconds
FLT 82 CTR 8227 LT SIDE FLT, 5 MPH, NORTH 4.99 Seconds
FLT 82 CTR 8228 LT SIDE FLT, 10 MPH, NORTH 4.99 Seconds
FLT 82 CTR 8229 LT SIDE FLT, 15 MPH, NORTH 4.99 Seconds
FLT 82 CTR 8230 LT SIDE FLT, 5 MPH, SOUTH 4.99 Seconds
FLT 82 CTR 8231 LT SIDE FLT, 10 MPH, SOUTH 4.99 Seconds
FLT 82 CTR 8232 LT SIDE FLT, 15 MPH, SOUTH 4.99 Seconds
FLT 82 CTR 8233 REAR FLT, 5 MPH, NORTH 4.99 Seconds
FLT 82 CTR 8234 REAR FLT, 10 MPH, NORTH 4.99 Seconds
FLT 82 CTR 8235 REAR FLT, 15 MPH, NORTH 4.99 Seconds
FLT 82 CTR 8236 REAR FLT, 5 MPH, SOUTH 4.99 Seconds
FLT 82 CTR 8237 REAR FLT, 10 MPH, SOUTH 4.99 Seconds
FLT 82 CTR 8238 REAR FLT, 15 MPH, SOUTH 4.99 Seconds
FLT 82 CTR 8239 FWD FLT, 20 MPH, NORTH 4.99 Seconds
FLT 82 CTR 8240 FWD FLT, 25 MPH, NORTH 4.99 Seconds
FLT 82 CTR 8241 FWD FLT, 20 MPH, SOUTH 4.99 Seconds
FLT 82 CTR 8242 FWD FLT, 25 MPH, SOUTH 4.99 Seconds
FLT 82 CTR 8243 FWD FLT, 30 MPH, NORTH 4.99 Seconds
FLT 82 CTR 8244 FWD FLT, 35 MPH, NORTH 4.99 Seconds
FLT 82 CTR 8245 FWD FLT, 30 MPH, SOUTH 4.99 Seconds
FLT 82 CTR 8246 FWD FLT, 35 MPH, SOUTH 2.99 Seconds
FLT 82 CTR 8247 FWD FLT, 40 MPH, NORTH 3.99 Seconds
FLT 82 CTR 8248 FWD FLT, 40 MPH, SOUTH 4.99 Seconds
FLT 82 CTR 8249 FWD FLT, 45 MPH, NORTH 4.99 Seconds
FLT 82 CTR 8250 FWD FLT, 45 MPH, SOUTH 4.99 Seconds
FLT 82 CTR 8251 FWD FLT, 50 MPH, NORTH 4.99 Seconds
FLT 82 CTR 8252 FWD FLT, 50 MPH, SOUTH 4.99 Seconds
FLT 82 CTR 8253 FWD FLT, 55 MPH, NORTH 4.52 Seconds
FLT 82 CTR 8254 FWD FLT, 55 MPH, SOUTH 4.99 Seconds
FLT 82 CTR 8255 FWD FLT, 60 MPH, NORTH 4.99 Seconds
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Table 5.— Concluded.

FLIGHT COUNTER DESCRIPTION DURATION
FLT 82 CTR 8256 FWD FLT, 60 MPH, SOUTH 4.99 Seconds
FLT 82 CTR 8257 FWD FLT, 65 MPH, NORTH 4.99 Seconds
FLT 82 CTR 8258 FWD FLT, 65 MPH, SOUTH 4.99 Seconds
FLT 82 CTR 8259 FWD FLT, 70 MPH, NORTH 4.99 Seconds
FLT 82 CTR 8260 FWD FLT, 70 MPH, SOUTH 4.99 Seconds
FLT 82 CTR 8261 HOVER IGE, NR=100%, NORTH 4.99 Seconds
FLT 82 CTR 8262 HOVER IGE, NR=100%, SOUTH 4.99 Seconds

Table 6.— Airspeed calibration data obtained on Flight 83 using a T-34 aircraft.

FLIGHT COUNTER DESCRIPTION DURATION
FLT 83 CTR 8319 LEVEL FLT, 80 KIASB, 4000'HP 4.99 Seconds
FLT 83 CTR 8321 LEVEL FLT, 90 KIASB, 4000'HP 4.99 Seconds
FLT 83 CTR 8322 LEVEL FLT, 100 KIASB, 4000'HP 5.00 Seconds
FLT 83 CTR 8323 LEVEL FLT, 110 KIASB, 4000'HP 4.99 Seconds
FLT 83 CTR 8326 LEVEL FLT, 120 KIASB, 5000'HP 4.99 Seconds
FLT 83 CTR 8327 LEVEL FLT, 130 KIASB, 5000'HP 4.99 Seconds
FLT 83 CTR 8328 LEVEL FLT, VH(136KIB), 5000'HP 4.99 Seconds
FLT 83 CTR 8329 DESCENT, 150 KIASB, 5000'HP 4.99 Seconds
FLT 83 CTR 8330 DESCENT, 160 KIASB, 5000'HP 4.99 Seconds
FLT 83 CTR 8331 LEVEL FLT, 133 KIASB, 5000'HP 4.99 Seconds
FLT 83 CTR 8332 LEVEL FLT, 125 KIASB, 5000'HP 4.99 Seconds
FLT 83 CTR 8333 LEVEL FLT, 115 KIASB, 5000'HP 4.99 Seconds
FLT 83 CTR 8334 LEVEL FLT, 105 KIASB, 5000'HP 4.99 Seconds
FLT 83 CTR 8336 LEVEL FLT, 95 KIASB, 5000'HP 4.99 Seconds

FLT 83 CTR 8337 LEVEL FLT, 85 KIASB, 5000'HP 4.99 Seconds
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Table 7.— Low-airspeed calibration using laser tracker.

FLIGHT COUNTER DESCRIPTION DURATION
FLT 96 CTR 9605 LOW AIRSPEED CAL, HOVER 4.99 Seconds
FLT 96 CTR 9606 LOW AIRSPEED CAL, 5 KIASH 4.99 Seconds
FLT 96 CTR 9607 LOW AIRSPEED CAL, 10 KIASH 4.99 Seconds
FLT 96 CTR 9608 LOW AIRSPEED CAL, 15 KIASH 4.99 Seconds
FLT 96 CTR 9609 LOW AIRSPEED CAL, 21 KIASH 4.99 Seconds
FLT 96 CTR 9610 LOW AIRSPEED CAL, 26 KIASH 4.99 Seconds
FLT 96 CTR 9611 LOW AIRSPEED CAL, MARGINAL 4.99 Seconds
FLT 96 CTR 9612 LOW AIRSPEED CAL, 30 KIASH 4.99 Seconds
FLT 96 CTR 9613 LOW AIRSPEED CAL, 35 KIASH 4.99 Seconds
FLT 96 CTR 9614 LOW AIRSPEED CAL, 42 KIASH 4.99 Seconds
FLT 98 CTR 9805 FWD AIRSPEED CAL, 10 KIASH 4.99 Seconds
FLT 98 CTR 9806 FWD AIRSPEED CAL, 8 KIASH 4.99 Seconds
FLT 98 CTR 9807 FWD AIRSPEED CAL, 1 KIASH 4.03 Seconds
FLT 98 CTR 9808 AFT AIRSPEED CAL, 5 KIASH 4.99 Seconds
FLT 98 CTR 9809 AFT AIRSPEED CAL, 10 KIASH 4.99 Seconds

Table 8.— Corrected inertial measurements for low-airspeed calibration.

COUNTER DESCRIPTION Hx Hy Hz
CTR 9605 LOW AIRSPEED CAL, HOVER 0.001 0.000 0.002
CTR 9606 LOW AIRSPEED CAL, 5 KIASH 0.016 0.003 0.006
CTR 9607 LOW AIRSPEED CAL, 10 KIASH 0.027 —0.004 0.000
CTR 9608 LOW AIRSPEED CAL, 15 KIASH 0.040 0.005 0.004
CTR 9609 LOW AIRSPEED CAL, 21 KIASH 0.050 —0.001 0.002
CTR 9610 LOW AIRSPEED CAL, 26 KIASH 0.077 —-0.001 —0.001
CTR 9611 LOW AIRSPEED CAL, MARGINAL 0.091 —0.006 —0.002
CTR 9612 LOW AIRSPEED CAL, 30 KIASH 0.087 —0.008 —-0.002
CTR 9613 LOW AIRSPEED CAL, 35 KIASH 0.101 0.001 0.003
CTR 9614 LOW AIRSPEED CAL, 42 KIASH 0.118 0.001 —0.005
CTR 9805 FWD AIRSPEED CAL, 10 KIASH 0.020 0.008 —0.002
CTR 9806 FWD AIRSPEED CAL, 8 KIASH 0.016 0.010 —-0.002
CTR 9807 FWD AIRSPEED CAL, 1 KIASH 0.001 0.010 0.002
CTR 9808 AFT AIRSPEED CAL, 5 KIASH -0.010 0.015 —0.001
CTR 9809 AFT AIRSPEED CAL, 10 KIASH —0.027 0.015 —0.002
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Table 9.— BMH and RVDT item codes.

BLADE PITCH FLAP LEAD-LAG
RVDT BMH RVDT BMH RVDT BMH
1 BH12 PTC1 BH11 FLP1 BH10 LAG1
2 BH22 PTC2 BH21 FLP2 BH20 LAG2
3 BH32 PTC3 BH31 FLP3 BH30 LAG3
4 BH42 PTC4 BH41 FLP4 BH40 LAG4
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Figure 6.— OAT, deg C, for pre- and post-flight static cals (T100 is OAT mnemonic).
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Figure 11.— Blade Motion Hardware (BMH) installation.
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4. REFERENCE AND CHECKOUT CONDITIONS

Housekeeping Points

For most flights, two reference or housekeeping counters were obtained at the start of the flight
and, if there was sufficient recording tape, at the end of the flight. The first of these housekeeping
points was an out-of-ground effect hover that was obtained adjacent to the taxiway at Moffett Field
immediately after liftoff. The rotor height for this initial point was approximately 80 feet. Following
the OGE hover housekeeping point, the aircraft accelerated to forward flight and the second
housekeeping point was obtained at 80 knots indicated airspeed (KIAS) once the aircraft reached
1000 feet pressure altitude. Returning housekeeping points were scheduled for most test flights but
were often skipped because of a shortage of tape for the flight recorders. Although the housekeeping
points were repeated for the same airspeeds and pressure altitudes for each flight, there was no
attempt to control for aircraft weight or outside air temperature.

The hover housekeeping points for the program are listed in table 10. No hover housekeeping
points were obtained during the ground acoustic tests when the aircraft was stationed in Modesto,
California. Table 11 lists the 80-knot housekeeping counters.

Figure 12 shows the variation in Cp and Cyy for the OGE hover housekeeping points from
table 10. A range of weight coefficients is observed in this figure, in part because different portions
of the flight program required different gross weights, but also because about a third of the flights
included a returning housekeeping point where the aircraft was approximately 2,000 pounds lighter
because of fuel burn-off. For comparison, curve fits to the test data obtained by the U.S. Army
Aviation Engineering Flight Activity (AEFA) at Edwards on the First- through 12th-Year
production aircraft (refs. 24-28) are also shown in this figure. The points were obtained for tethered
hover conditions and include substantially higher weight coefficients than were flown in the
Airloads Program. For both test programs the power was determined from measurements of the
engine output shaft torque.

The test points from references 24-28 were obtained in winds of less than three knots to assure
reliable performance data and the data repeatability is quite good. The OGE hover housekeeping
points for the Airloads Program were recorded regardless of wind condition, as the purpose of these
test points was to obtain reference data to cover the test program span and not to obtain performance
data. It seems likely that some of the scatter in the Airloads data are a consequence of winds.

An Extended Stores Support System (ESSS) was added on the Sixth-Year production aircraft
and the fairings for this system increase the power required in hover (ref. 26). Except for the original
contract guarantee tests (ref. 24), the AEFA fits of the OGE hover data separate into two categories,
that is, aircraft configurations with or without the ESSS fairings. The Airloads aircraft included the
ESSS fairings and the hover data show general agreement with AEFA test results for aircraft with
the ESSS fairings installed. The one set of tests that is anomalous, however, is the set obtained from
the original contract guarantee tests (ref. 24). These data were obtained on a First-Year production
aircraft without ESSS fairings, yet the data match the Sixth- and 12th-Year aircraft performance
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rather than the First-Year performance data obtained from references 25 and 26. The reasons for this
are unclear, although it is noted that the contract guarantee tests for OGE hover were performed with
a highly-instrumented inlet cowling that did not fit the test aircraft adequately and left gaps between
the cowling and the fuselage (ref. 24).

The purpose of the OGE hover housekeeping points was to assist in the detection of inoperative
or inaccurate transducers by comparing recorded signals from one flight to another. However, this
approach was ineffective as the blade pressures show large flight-to-flight variation for these OGE
hover housekeeping points. As an example, figure 13 shows the upper surface pressure at 0.049c and
0.92R for all of the hover housekeeping points. Each azimuthal trace on this plot represents one
housekeeping point. The data for these hover points show substantial variation from flight to flight
and this is largely a result of small changes in wind velocity for these test conditions and the
consequent effect on tip vortex loading of the blades. Thus, the hover housekeeping points have
limited value for the detection of problems with the blade pressure transducers.

The 80-knot housekeeping points that were recorded on both the outboard and inboard legs of
the test flights are considerably more useful for the qualitative assessment of the pressure
transducers. Figure 14 compares all of the 80-knot housekeeping points for the same pressure
transducer shown in figure 13. Although there is some variation from flight to flight, on a qualitative
basis these data are quite repeatable and, therefore, these data are valuable for detecting problems
with the pressure measurements.

On-ground Rotor Speed Variation

A limited number of ground test points were obtained to examine the effects of rotor speed
variation on blade modal frequencies and these test points are listed in table 12. From an
experimental point of view it would be have been desirable to have obtained on-ground test points
over a range of rotors speeds. However, the engine controls do not allow stopping at rotor speeds
between the flight idle condition at 60% NR, and the nominal operating range from 96% to 104%
NR. Therefore, constant rotor test points were obtained only for 60%, 96%, and 104% NR. In
addition, transient records were made for two accelerations from flight idle to 100% NR and a
deceleration from 100% NR to flight idle.

On-ground Rotor Moments

A series of test points were obtained on the ground with zero thrust on the rotor where the pilot
was asked to make pure 1-inch stick inputs in each of four directions. The purpose of the test points
was to make a number of instrumentation checks for a relatively straightforward, non-flight
condition. These data can be used to assess that phase relations between the rotating system and the
fixed system, to compare shaft bending with rotor blade motions, as well as other checks. The
counters for these conditions are shown in table 13.

The first harmonic of the rotor hub moment in the rotating system, when resolved into the fixed
system, provides the steady value of the aircraft pitch and roll moments. The rotating-system hub
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moment may be approximated using either the blade flapping measurements or the main rotor shaft
bending moment. The flapping measurements are essentially in the plane of the rotor disk, while the
shaft bending moment is measured approximately 10 inches below the hub or disk center. The on-
ground moment test points in table 12, therefore, are useful, first, in comparing the rotating- and
fixed-system moments and, second, in comparing the two independent estimates of hub moment.

Before examining the rotating- and fixed-system hub moments, it is important to understand the
hub reference systems used with the UH-60A data. Figure 15 provides a layout of the UH-60A hub
as seen from above. The Hub Reference system is the datum used by Sikorsky Aircraft for the
layout drawings of the hub and is also the reference system used in some of the comprehensive
analysis models (refs. 29 and 30). The focal points of the elastomeric bearings on the UH-60A rotor
are offset from the Hub Reference as shown in the figure. This torque offset is such that if the rotor
were spun up in a vacuum the blades would line up with a reference about 7 deg forward of the Hub
Reference. Hovering in air, the effect of the aerodynamic drag is such that the blades lag back about
7 deg so that they are roughly in line with the hub reference system.

The phase reference for the rotating data stored in TRENDS was determined by leveling the
aircraft and orienting blade 1 towards the tail of the aircraft. A small theodolite was installed on the
top of the RDAS “bucket” so that it was located exactly on the hub center. Two target points were
established on blade 1, one inboard and one outboard. Both target points were aligned with the
blade’s quarter chord location. Using the theodolite, the target points on blade 1 were aligned with
each other and the formation light at the top of the vertical stabilizer. The reading of the azimuth
encoder was recorded and used as an offset correction in the TRENDS data reduction. The
alignment of blade 1, as described here, is exactly equivalent to a reference system that passes
through the elastomeric bearing focal points and, hence, is defined as the TRENDS reference.

The first harmonic of the rotating-system hub moment is estimated using the flap angle
measurements from the Blade Motion Hardware and a calculated value for the blade centrifugal
force at the focal point.

M =2F,esin (1)

where Mfis the first harmonic hub moment, F. is the centrifugal force at the focal point of the
bearing, e is the offset of the focal point, and £ is the first harmonic of the flap angle. The
centrifugal force was calculated using CAMRAD/JA (ref. 29) and is 70,756 lbs. The hinge offset, as
shown in figure 15, is 14.99 in.

The rotating-system hub moment is also estimated from the shaft bending moment (RQ12)
assuming that the hub shears can be neglected for first harmonic motions. The longitudinal and
lateral stick displacements and the resulting hub moments for the table 12 counters are shown in
figure 16. With the stick centered there is a steady moment on the main rotor shaft as indicated by
the center point. The remaining four counters show the 1 inch displacements in each axis. It is noted
that the cyclic stick displacements are not as the pilot would see them from his seat. A forward
motion of the cyclic stick (Counter 8312) causes a negative pitch moment, while an aft motion
(Counter 8313) causes a positive pitch moment.
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The pilot attempted to put in pure longitudinal and lateral inputs for the on-ground test points in
figure 16. While the lateral displacements show no associated longitudinal displacements, there is a
slight lateral displacement associated with the longitudinal stick inputs. The resulting aircraft
moments are not purely in pitch and roll for the longitudinal and lateral displacements. In both cases
there is a clockwise phase shift between eight and nine degrees.

All four of the flap angle measurements were functioning on Flight 83, and figure 16 shows that
there is generally good agreement between the hub moment determined from the flap angles and
from shaft bending. For these tests the difference ranges from —3.0% to +5.3%, while the rms error
for all blades is 3.2%. For on-ground conditions, then, it appears that the influence of first harmonic
hub shears can be ignored.

Ballast Cart Full Displacement Test

A ballast cart was installed in the Airloads Program UH—60A to control the c.g. location during
the test program. As each test flight progressed, the Flight Test Engineer would record the fuel
burnoff and adjust the ballast cart location accordingly. However, the available range of ballast cart
displacement provided an opportunity to measure the aircraft response to an applied pitch moment
in hover. Test counters were obtained on Flight 115 in an out-of-ground effect hover for three
positions of the ballast cart as shown in table 14. Although these data were obtained sequentially,
the slow travel rate of the ballast cart required about 12 minutes between test points. During these 12
minutes, the aircraft landed while waiting for the ballast cart to reach its next position.

The cyclic stick longitudinal and lateral displacements and the aircraft moments for the ballast
cart full displacement test are shown in figure 17 in the same manner as was done for the on-ground
moment tests, see figure 16. However, only one flap angle measurement was operational for Flight
115. Although the displacement of the ballast cart applies a pure pitch moment to the aircraft, the
measured hub moment shows a small roll moment as well. For these tests there was a clockwise
phase shift of about 18 deg and the cause of this shift is unknown. As during the on-ground moment
tests, good agreement is observed between the steady hub moment from shaft bending and the one
working flap angle measurement. The difference in this case is 3.6%.

Ground-Contact Collective Sweep

A series of test points were obtained for the aircraft on the ground where the collective pitch was
varied from near a flat pitch condition (5% UP) to where the aircraft became light on its wheels
(40% UP). The objective of the tests was to keep the cyclic stick and pedals centered as the
collective was changed in 5% increments. A full range of collective sweep data was obtained on
Flight 113, but it was determined that there was too much longitudinal stick and pedal displacements
for the 30%, 35%, and 40% collective cases. Hence, these three cases were repeated on Flight 114.
These counters are shown in table 15.
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Table 10.— OGE hover housekeeping points.

FLIGHT

COUNTER

DESCRIPTION

DURATION

FLT 83
FLT 83
FLT 84
FLT 85
FLT 88
FLT 88
FLT 89
FLT 89
FLT 90
FLT 100
FLT 100
FLT 101
FLT 102
FLT 102
FLT 103
FLT 105
FLT 106
FLT 107
FLT 108
FLT 108
FLT 110
FLT 110
FLT 111
FLT 113
FLT 114
FLT 114
FLT 115
FLT 116
FLT 116

CTR 8316
CTR 8340
CTR 8434
CTR 8509
CTR 8804
CTR 8837
CTR 8904
CTR 8934
CTR 9004
CTR 10004
CTR 10016
CTR 10118
CTR 10204
CTR 10221
CTR 10313
CTR 10504
CTR 10610
CTR 10705
CTR 10805
CTR 10839
CTR 11004
CTR 11034
CTR 11104
CTR 11304
CTR 11407
CTR 11426
CTR 11505
CTR 11649
CTR 11689

HOVER OGE, 70 FT, 100% NR
HOVER OGE, 70 FT, 100% NR
HOVER OGE, 70 FT, 100% NR
HOVER OGE, 70 FT, 100% NR
HOVER OGE, 70 FT, 100% NR
HOVER OGE, 70 FT, 100% NR
HOVER OGE, 70 FT, 100% NR
HOVER OGE, 70 FT, 100% NR
HOVER OGE, 70 FT, 100% NR
HOVER OGE, 70 FT, 100% NR
HOVER OGE, 70 FT, 100% NR
HOVER OGE, 70 FT, 100% NR
HOVER OGE, 70 FT, 100% NR
HOVER OGE, 70 FT, 100% NR
HOVER OGE, 70 FT, 100% NR
HOVER OGE, 70 FT, 100% NR

HOVER OGE, 70',WIND:140@12KTS

HOVER OGE, 70 FT, 100% NR
HOVER OGE, 70 FT, 100% NR
HOVER OGE, 70 FT, 100% NR
HOVER OGE, 70 FT, 100% NR
HOVER OGE, 70 FT, 100% NR
HOVER OGE, 70 FT, 100% NR
HOVER OGE, 70 FT, 100% NR
HOVER OGE, 70 FT, 100% NR
HOVER OGE, 70 FT, 100% NR
HOVER OGE, 70 FT, 100% NR
HOVER OGE, 70 FT, 100% NR
HOVER OGE, 70 FT, 100% NR

4.99 Seconds
4.99 Seconds
4.99 Seconds
4.99 Seconds
3.42 Seconds
4.25 Seconds
5.99 Seconds
4.36 Seconds
4.99 Seconds
4.99 Seconds
4.99 Seconds
4.99 Seconds
4.99 Seconds
4.99 Seconds
4.99 Seconds
5.51 Seconds
4.99 Seconds
4.99 Seconds
4.99 Seconds
4.99 Seconds
4.99 Seconds
4.99 Seconds
4.99 Seconds
4.99 Seconds
4.99 Seconds
4.99 Seconds
4.99 Seconds
4.99 Seconds
4.99 Seconds
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Table 11.— 80-knot forward flight housekeeping points.

FLIGHT COUNTER DESCRIPTION DURATION
FLT 83 CTR 8317  HOUSEKEEPING POINT, 80 KIASB 4.99 Seconds
FLT 83 CTR 8339  HOUSEKEEPING POINT, 80 KIASB 4.99 Seconds
FLT 84 CTR 8412  HOUSEKEEPING POINT, 80 KIASB 4.99 Seconds
FLT 84 CTR 8433  HOUSEKEEPING POINT, 80 KIASB 4.99 Seconds
FLT 85 CTR 8510  HOUSEKEEPING POINT, 80 KIASB 4.99 Seconds
FLT 88 CTR 8805  HOUSEKEEPING POINT, 80 KIASB 4.99 Seconds
FLT 88 CTR 8828  HOUSEKEEPING POINT, 80 KIASB 4.99 Seconds
FLT 89 CTR 8905  HOUSEKEEPING POINT, 78 KIASB 5.99 Seconds
FLT 89 CTR 8933  HOUSEKEEPING POINT, 80 KIASB 10.99 Seconds
FLT 90 CTR 9005  HOUSEKEEPING POINT, 80 KIASB 4.99 Seconds
FLT 94 CTR 9420  HOUSEKEEPING POINT, 80 KIASB 4.99 Seconds
FLT 95 CTR 9504  HOUSEKEEPING POINT, 80 KIASB 5.00 Seconds
FLT 96 CTR 9604  HOUSEKEEPING POINT, 80 KIASB 4.99 Seconds
FLT 97 CTR 9704  HOUSEKEEPING POINT, 80 KIASB 4.99 Seconds
FLT 98 CTR 9804  HOUSEKEEPING POINT, 80 KIASB 4.99 Seconds
FLT 100 CTR 10005 HOUSEKEEPING POINT, 80 KIASB 4.86 Seconds
FLT 101 CTR 10105 HOUSEKEEPING POINT, 80 KIASB 4.99 Seconds
FLT 102 CTR 10205 HOUSEKEEPING POINT, 80 KIASB 4.99 Seconds
FLT 103 CTR 10304 HOUSEKEEPING POINT, 80 KIASB 4.99 Seconds
FLT 103 CTR 10312  HOUSEKEEPING POINT, 80 KIASB 4.99 Seconds
FLT 105 CTR 10505 HOUSEKEEPING POINT, 80 KIASB 5.99 Seconds
FLT 106 CTR 10604 HOUSEKEEPING POINT, 80 KIASB 4.99 Seconds
FLT 107 CTR 10706  HOUSEKEEPING POINT, 80 KIASB 4.99 Seconds
FLT 108 CTR 10806  HOUSEKEEPING POINT, 80 KIASB 5.00 Seconds
FLT 110 CTR 11005 HOUSEKEEPING POINT, 80 KIASB 4.99 Seconds
FLT 110 CTR 11033  HOUSEKEEPING POINT, 80 KIASB 4.99 Seconds
FLT 111 CTR 11105 HOUSEKEEPING POINT, 80 KIASB 4.99 Seconds
FLT 112 CTR 11242  HOUSEKEEPING POINT, 80 KIASB 4.99 Seconds
FLT 113 CTR 11305 HOUSEKEEPING POINT, 80 KIASB 4.99 Seconds
FLT 114 CTR 11408  HOUSEKEEPING POINT, 80 KIASB 4.99 Seconds
FLT 115 CTR 11511  HOUSEKEEPING POINT, 80 KIASB 5.00 Seconds
FLT 116 CTR 11651  HOUSEKEEPING POINT, 80 KIASB 4.99 Seconds
FLT 116 CTR 11687  HOUSEKEEPING POINT, 80 KIASB 4.99 Seconds
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Table 12.— On-ground rotor speed variation.

FLIGHT  COUNTER DESCRIPTION DURATION
FLT 82 CTR 8209  LOW PITCH, GROUND IDLE, NR=60%  4.99 Seconds
FLT 82 CTR 8210  ROTOR ACCEL: NR=60% TO 100% 45.00 Seconds
FLT 82 CTR 8211  LOW PITCH, ON GROUND, NR=96% 4.41 Seconds
FLT 82 CTR 8212  LOW PITCH, ON GROUND, NR=104% 4.77 Seconds
FLT 82 CTR 8263  ROTOR DECEL: NR=100% TO % 24.00 Seconds
FLT 83 CTR 8310  ROTOR ACCEL: NR=60% TO 100% 51.00 Seconds
Table 13.— On-ground hub moment checks.
FLIGHT  COUNTER DESCRIPTION DURATION
FLT 83 CTR 8311  GROUND RUN, FLAT PITCH, 100%NR  4.99 Seconds
FLT 83 CTR 8312  GROUND RUN, I"FWD STK, 100%NR  4.99 Seconds
FLT 83 CTR 8313  GROUND RUN, 1"AFT STK, 100%NR 4.99 Seconds
FLT 83 CTR 8314  GROUND RUN, I"RT STK, 100%NR 4.99 Seconds
FLT 83 CTR 8315  GROUND RUN, 1"LT STK, 100%NR 4.99 Seconds
Table 14.— Ballast cart full displacement test.
FLIGHT  COUNTER DESCRIPTION DURATION
FLT 112~ CTR11243 HOVER, 70 FT, BCART FULL AFT 4.99 Seconds
FLT 112  CTR 11244 HOVER, 70 FT, BCART MID 4.99 Seconds
FLT 112  CTR 11245 HOVER, 70 FT, BCART FULL FWD 4.99 Seconds
Table 15.— Ground-contact collective sweep.
FLIGHT  COUNTER DESCRIPTION DURATION
FLT 113 CTR 11323 ON GROUND, 40% COLL, 100% NR 5.99 Seconds
FLT 113 CTR 11324  ON GROUND, 35% COLL, 100% NR 4.99 Seconds
FLT 113 CTR 11325 ON GROUND, 30% COLL, 100% NR 4.99 Seconds
FLT 113 CTR 11327  ON GROUND, 25% COLL, 100% NR 4.99 Seconds
FLT 113 CTR 11328  ON GROUND, 20% COLL, 100% NR 4.99 Seconds
FLT 113 CTR 11329  ON GROUND, 15% COLL, 100% NR 4.99 Seconds
FLT 113 CTR 11330 ON GROUND, 10% COLL, 100% NR 4.99 Seconds
FLT 113 CTR 11331  ON GROUND, 5% COLL, 100% NR 4.99 Seconds
FLT 114  CTR11404  ON GROUND, 30% COLL, 100% NR 4.99 Seconds
FLT 114  CTR11405  ON GROUND, 35% COLL, 100% NR 4.99 Seconds
FLT 114  CTR11406  ON GROUND, 40% COLL, 100% NR 4.99 Seconds
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Figure 12.— OGE hover housekeeping points compared to USAAEFA hover performance data.
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Figure 13.— Leading edge pressure variation for OGE hover housekeeping points;
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Figure 14.— Leading edge pressure variation for 80-knot housekeeping points;

x/c =0.049, /R = 0.92.
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Figure 15.— Schematic of the UH-60A hub layout illustrating the two reference systems.
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5. HOVER

Out-of-Ground-Effect Hover Data

Hover data were obtained during the Airloads Program in conjunction with other test objectives
and are, in this sense, limited. Out-of-ground effect hover data were obtained during seven different
types of tests: 1) housekeeping points, 2) a counter obtained during the low-airspeed calibration, 3)
end points obtained as a part of forward flight airspeed sweeps, 4) counters obtained during ground-
acoustic testing, 5) stabilized hover data prior to 2-3-1-1 inputs in flight dynamics tests, 6) stabilized
hover data prior to frequency sweep measurements, and 7) counters obtained during rotor speed
sweep testing. These seven sets of hover data are compared with hover performance data previously
acquired by the U.S. Army Aviation Test Activity (AEFA), Edwards AFB, in figure 18. The AEFA
data were acquired on a sixth-year production aircraft (ref. 27) and a twelfth-year production aircraft
(ref. 28). The test aircraft used during the Airloads Program is a sixth-year aircraft and is therefore
directly comparable to the reference 27 data. A number of configuration changes were made for the
twelfth-year aircraft, but these changes are not believed to affect the hover data. For both the
Airloads Program data and the AEFA data the power coefficient, Cp, is based on the measured
engine output power that is equivalent to the sum of the main rotor power, the tail rotor power,
accessory power, and gearbox losses. The weight coefficient, Cyy, is based on aircraft weight,
accounting for fuel burn-off and, for tethered flights, the force on the hook. The rotor thrust
coefficient, which was not measured, will differ from the weight coefficient by the effects of
download on the fuselage.

The OGE hover housekeeping counters were previously discussed in section 4 and the Cy,/o
and Cp/o data were compared to the AEFA data in figure 12. That comparison is repeated here as
figure 18(a). The housekeeping counters were previously shown in table 10 and these are repeated in
table 16, along with values of Cy, /o and Cp/c from the TRENDS data base. The coefficients are
average values obtained over the full duration of the record indicated in table 16.

Low-airspeed calibration data were obtained during the ground-acoustic testing portion of the
program, as has been discussed in section 3. One point from this calibration series, Counter 9605,
represents a hover condition and it is shown in figure 18(b) and listed in table 17. Combined with
the calibration counter in figure 18(b) are two hover points that were obtained as end points for level
flight airspeed sweeps, as will be discussed in section 6. The two level flight hover points are listed
in table 18.

OGE hover data were also obtained during the ground-acoustic testing at Crows Landing. The
data reduction procedures for the ground-acoustic testing differed from the other parts of the test
program. Initially, rather than reducing a specific time slice of the flight record, the entire record
was reduced and combined with tracking information from the laser and radar trackers. However, to
keep the file size manageable, only the aircraft data were reduced and the rotor measurements were
excluded. These initial records were placed in the Ames BH2 data base, but a prefix-4 was placed
before the counter number. Subsequently, the prefix-4 data were used by Ames personnel to deter-
mine appropriate time slices for the BH2 data base and by Langley personnel to determine the time
slices for the BHL data base. The hover cases in the prefix-4 data base are listed in table 19. The
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time slices selected for the BH2 data base are listed in table 20. The hover cases in the BH2 data
base are listed in table 21 and include Cy/o and Cp/o values. Figure 18c compares these ground-
acoustic Cy/o and Cp/o data with the AEFA measurements.

Additional OGE hover data were obtained during the flight dynamics testing. Approximately the
first five seconds of records for 2-3-1-1 input tests were obtained in a stabilized hover. The Cy,/o
and Cp/c data for the initial stabilized hover points are compared with the AEFA data in figure
18(d). The counters for these hover points are listed in table 22. Similarly, the first segment of each
record obtained during frequency sweep tests also includes a steady hover point. The Cy/o and
Cp/o data for the initial segment of the frequency sweep hover points are compared with the AEFA
performance measurements in figure 18(e). The associated counters are shown in table 23.

Hover data were also obtained for five counters where the rotor speed was varied from 96% to
104% Np. These data are compared with the AEFA curves in figure 18(f). The counters are listed in
table 24.

The comparison of the Airloads Program OGE hover counters with the AEFA data illustrate two
deficiencies in the Airloads hover data. First, the data were obtained over a reduced Cy,/orange
compared to the AEFA data set and, second, the Airloads data show more variability in the power
measurements. The increased range in Cy,/o for the AEFA tests was obtained by acquiring
performance data in a tethered hover as well as testing at higher altitudes. For tether testing a tether
cable connected the aircraft’s cargo hook to an eyebolt set in concrete and the tether force was
measured with a load cell. The tether force was added to the vehicle weight to compute the weight
coefficient. This technique allowed the pilot to vary the collective pitch from a low-thrust condition,
with barely any force on the tether, to a maximum power, high-thrust condition. An added benefit of
this test approach was that the aircraft was fixed in inertial space and, if the winds were low, true
hover data were obtained. High altitude testing was accomplished at Bishop (4120 feet) and Coyote
Flats (9980 feet). Data in the Airloads Program were all obtained in untethered flight near sea level
and the weight coefficient range is less than that obtained by AEFA.

The AEFA hover performance data are not shown in figure 18, rather the data are represented by
a best fit of the original data (refs. 27, 28). As a consequence there is no indication of the variance
observed for these data sets. An estimate of the standard deviation in Cp/o obtained in earlier hover
performance measurements on the UH-60A (ref. 25) is o~ £0.00010. The housekeeping points
show roughly three times this scatter with o= 10.00027. The other data sets show slightly less
variance, with the ground-acoustics, 2-3-1-1 flight dynamics, and frequency sweep data showing
respectively £0.00019, £0.00021, and +£0.00014. The low-airspeed calibration point in figure 18(b)
shows excellent agreement with the AEFA data, but the two level flight sweep points are both offset
from the AEFA data. Counter 8524 is about 0.00037 high and Counter 11008 is 0.00046 low.
Curiously, the N, sweep data appear to show less scatter than the other data sets, but the data are
offset about +0.00032 from the AEFA performance curves.

The variability in the hover performance data for the Airloads Program is a result of winds,
aircraft motion, or other unquantified factors. Generally, hover points were flown regardless of
ground wind conditions and, in most cases, neither wind velocity nor inertial velocity were
measured. For the ground-acoustics data in figure 18(c), however, both wind and inertial velocities
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were obtained and their effects are discussed below. Some of the largest deviations from the AEFA
performance curves in figure 18 are for the two level flight airspeed sweep end points. The flight
altitude for Counter 8524 was 2564 feet while the altitude for Counter 11008 was 4056 feet. In
neither case were there visual cues that the pilots could use to maintain hover. Instead the pilots used
the HADS system, previously described in section 3, to achieve a relative wind as close to zero
airspeed as possible. The HADS instrumentation was connected to a cockpit indicator and stabilized
hover was obtained by zeroing the x- and y-velocities based on the cockpit indicator (there was no
indication of z-velocity). Subsequent to the Airloads Program the HADS measurements had been
calibrated for x-velocity (see section 3), but not for the y- or z-velocities. The x-velocities for
counters 8524 and 11008 are less than three knots, but the y-velocity is unknown. An estimate of the
z-velocity is obtained by looking at the rate of climb or descent based on the boom static pressure
rate of change. For Counter 8524, the rate of climb is about 36 ft/min, which is close to a true hover.
For Counter 11008, the rate of climb is about 600 ft/min, which is a significant departure from a
hover condition. The differences between the two counters in rate of climb, however, does not
explain the deviation from the AEFA data that is observed in figure 18(b) and these differences
remain unexplained.

The accurate measurement of hover data on a flight vehicle depends upon a number of factors.
The power required by the rotor depends upon the relative motion of the flight vehicle to the air
mass and changes in power will differ depending upon whether the helicopter is climbing,
descending, or moving in a horizontal plane. Even if the vehicle is perfectly still in an inertial frame,
if there is motion of the air mass, similar changes will occur in power. For most of the hover data
obtained during the Airloads Program there were no measurements of either inertial velocity or air
mass velocity. However, for the ground-acoustic testing performed at Crows Landing, precise
measurements were available for the motion of the aircraft in an inertial frame, using either a laser
or radar tracker. In addition the motion of the air mass was measured over a range of heights. By
analyzing these data it is possible to determine the relative motion between the aircraft and the air
mass for all of the data acquired at Crows Landing.

Measurements of the UH-60A’s vertical and horizontal position, for the ground-acoustic
counters tabulated in table 21, are shown in figure 19. For these tests, the aircraft hovered over the
center of the acoustic array at approximately 250 feet. To assist the pilot in accurately maintaining
his position, two observers were located about 250 feet from the center of the acoustic array, one
along the array’s x-axis and the other along the y-axis. These observers used theodolites to locate the
aircraft’s position relative to the true center and communicated needed changes to the pilot by radio.
Figure 19 shows the center point of the aircraft as measured with the radar tracker. As shown in this
figure, during the five-second duration of a typical counter, there was limited aircraft motion.
However, between test points, as the pilots changed heading, there were substantial shifts in the
aircraft center point. The shifts in the center points in the x- and y-directions were as large as 50 feet
and in the z-direction by up to 35 feet. The statistics for all of the center points are shown in table
25. The mean center point error varied from five feet for the x-axis to 14 feet for the z-axis, and the
standard deviations ranged from 13 feet for the z-axis to 24 feet for the y-axis. However, during the
period of data acquisition for each counter, the aircraft was essentially stationary. The standard
deviation computed over the duration of the record ranged from about half a foot to a maximum of
about five feet, depending upon the axis. The median value of the standard deviation for all of the
counters varied between one to three feet as shown in table 26.
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Wind velocities were measured at different elevations above the ground for these same tests.
Measurements included the ground anemometer that is permanently installed at Crows Landing, an
anemometer tower, and a tethered weather balloon. The anemometer tower and the weather balloon
were installed by NASA Langley Research Center and are a normal part of their acoustic
measurement suite. The location of the three wind velocity measurements is shown in figure 4.

The ground anemometer data were sampled at 100 Hz for the duration of the counter and the
wind speed (WINDSP) and direction (WINDDR) are included in the TRENDS data base. The wind
speed is measured in knots and the direction is measured with respect to the Crows Landing north-
south runway as shown in figure 4. As discussed in section 2, this runway is 11.1 deg east of true
north. The direction sense for WINDDR is clockwise, thus a northeast wind is at 45 deg, a south
wind is at 180 deg, and so forth. For the ground-acoustic hover counters the wind speed varied from
1.7 to 6.3 knots. The variance, as measured by either the standard deviation or the range, was
roughly proportional to the mean speed. For the standard deviation this variation was about 6% of
the mean and for the range, about 12%.

The Langley Research Center anemometer tower (referred to as the profiler) measured wind
speeds at five elevations from ground level to 10 meters, and direction at three of these elevations.
Only the data obtained at the 10-m elevation are used here. These data were sampled once every
20 seconds (0.05 Hz) and, therefore, samples were not generally obtained at the time of the counter.
The measurements shown below were taken from the sample that was nearest in time to the counter.

The weather balloon used by Langley Research Center was attached to a tether that allowed the
balloon to be positioned anywhere from ground level to 500 feet. For the ground acoustic hover
conditions, table 21, the balloon was fixed at 250 feet. The wind speed and direction were sampled
every 10 sec (0.1 Hz). The five samples nearest the flight counter were used to estimate wind speed
and direction. For the low-airspeed calibration conditions that include the table 18 hover case, the
balloon elevation was continuously varied from the ground to 500 feet in a sawtooth pattern. For
these cases, the sample point nearest in elevation and time was used to estimate the air mass
velocity.

The measured wind speeds for the ground acoustic tests on Flights 93 and 94, and the low
airspeed calibrations on Flights 96 and 98, are shown in figure 20. Normally, hover data are
obtained only for wind speeds less than 3 knots at the ground. This criteria was met for Flight 93
and 96, but not for the other two flights. In particular, Flight 94 had ground winds from 2 to 6 knots
and the winds at the 250 ft hover point were 6 to 11 knots. Therefore, it is expected that these hover
points will be contaminated to some degree by these winds. However, the low airspeed calibration
hover point, Counter 9605, was obtained for very low airspeed conditions. In reviewing figure 20 it
is interesting to note that when ground winds exceeded 3 knots, the normal test criteria for acquiring
steady data, the winds at 250 feet were always higher. However, for ground winds below 3 knots,
the converse does not hold true. On both Flights 93 and 98, ground winds were less than 3 knots, but
the winds aloft were 6 to 8 knots. This indicates that ground wind criteria may not be adequate to
define conditions for acquiring steady OGE hover data.
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The measured inertial velocities and measured wind speeds at the aircraft’s test altitude were
combined to provide the true advance ratios for the ground acoustic hover points, as shown in table
27, and the hover point obtained in the low-airspeed calibration, as shown in table 28. The influence
of the air mass motion for the ground acoustic hover points is clearly seen in table 27. Depending
upon the heading, non-zero advance ratios as high as 0.023 are observed. However, the low-airspeed
calibration hover point is within 0.002 of a true zero advance ratio. (The true advance ratios for the
remainder of the low-airspeed calibration points were previously shown in section 2, table 8.)

The variation of true advance ratio for the ground-acoustic hover counters and the low-airspeed
calibration counter is examined in figure 21 by plotting the x- and y-components of the advance
ratio. Figure 21(a) shows the ground-acoustic hover points and these are seen to trace out a rough
semi-circle. The purpose of this series of test points was to obtain acoustic data as the aircraft’s
heading was varied in 15-deg increments around a half circle. As the prevailing winds were
relatively constant during this test series, the relative wind varied in azimuth with the aircraft’s
heading. Thus the radius of the semi-circle represents the contaminating winds at 250 feet elevation.

The low-airspeed calibration points in figure 21(b) are in two groups: Flight 96 and Flight 98.
The winds at 250 feet were less than 2 knots for Flight 96 (see fig. 20), and therefore the lateral
advance ratios were generally less than 0.01, and this is particularly so for the three low-speed
points in figure 21(b). However, on Flight 98, the winds at 250 feet were about 8 knots and the
effects of the lateral component of these winds is apparent in figure 21(b).

Based on the examination of inertial and air mass velocities, Counter 9605 represents the
steadiest hover case obtained in the Airloads Program. The airloads for this counter are shown in
figure 22, where the normal force, M2Cy, is shown at nine radial stations on the blade for one
revolution. The two outboard stations show the greatest force and there is a clear reduction in this
force from about 315 to 15 deg azimuth. This reduction occurs over the rear of the aircraft and is
likely an effect of the tail boom or the tail rotor wake. Some unsteadiness in the lift is observed near
the nose of the aircraft, from 0.775R out to 0.990R and this is particularly pronounced at 0.920R.
The fluctuations in lift in figure 22 are likely caused by rapid changes in the blade angle of attack.
The angle of attack related to these fluctuations can be approximated

1
Aax Zﬂ,BACN (1)

where g = ¥1-M> . The peak-to-peak, angle-of-attack change associated with the lift fluctuations at
0.920R are approximately 2.7 deg. It is likely that this variation is a consequence of a blade-vortex
interaction of some sort, although the source of the vortex, that is, whether the main rotor or tail
rotor, is uncertain.

The variation of normal force is examined for three of the ground-acoustic hover points in
figure 23. These counters: 9406, 9410, and 9416, were selected to provide different relative wind
conditions (see fig. 21(a)). An outline of the UH-60A is placed above each figure to indicate the
direction of the relative wind. For this aircraft, the tail rotor is located on the right side of the tail and
its wake moves to the left. Figure 23(a) shows the normal force for Counter 9406, where the relative
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wind is from the right aft quadrant. A great deal more unsteadiness is observed for this flight
condition than was seen in figure 22. Apparent vortex interactions are seen from 0.865R to 0.990R,
starting at an azimuth of about 240 deg and extending over 120 deg. Lesser unsteadiness is seen
inboard at 0.775R and further inboard there are no significant fluctuations in the lift. The variation in
angle of attack at the four outboard stations ranges from approximately 2.8 to 3.1 deg.

Figure 23(b) shows the lift fluctuations for Counter 9410, where the relative wind is from the
right forward quadrant. Lift fluctuations are now seen primarily outboard and occur only in the
fourth quadrant. Compared to figure 23(a), the angle of attack variation is reduced to about 2.6 deg.
The third test point, Counter 9416, is shown in figure 23(c). In this case the relative wind is from the
front left quadrant. Almost no lift fluctuations are observed in this case except at 0.920R, where an
angle of attack excursion at 330 deg is about 2.9 deg in size.

Although not shown here, the correspondence in the load fluctuations at individual blade stations
that is seen in figure 23, is repeated for subsequent cycles (revolutions) during the 19 or 20 cycles of
the counter. However, these events move in azimuth over time as well as change in size and form. It
seems likely that these blade vortex interactions are intimately tied into the rotor wakes, but the
general structure of these interactions is not clear.

The two hover points obtained as a portion of an airspeed sweep, Counters 8524 and 11008, are
shown in figures 24 and 25 respectively. Both hover points show lift fluctuations similar to what
were seen for the ground-acoustic hover conditions in figure 23. The lift fluctuations for Counter
8524 extend over most of the retreating side of the blade and appear to extend over a greater area of
the rotor disk than was observed for Counter 9406 in figure 23(a), which had the greatest extent of
unsteady lift of the three ground-acoustic hover counters. Counter 11008 shows considerably less
unsteadiness, at least at higher frequencies, although there is some low-frequency unsteadiness,
particularly inboard on the rotor.

In-Ground-Effect Hover Data
During the low-airspeed system calibration on Flight 82, four test counters were obtained in an
IGE hover, as listed in table 29. Based on the radar altimeter, the wheel height for these cases ranged

from 8.4 to 9.6 feet. No measurements of the relative wind were obtained for these IGE hover
conditions, however, the heading was reversed by 180 deg between test points.
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Table 16.— OGE Hover housekeeping points.

FLIGHT ~ COUNTER DESCRIPTION DURATION Cy/o Cplo
83 8316 HOVER OGE, 70 FT, 100% NR 4.99 Seconds 0.0676 0.00634
83 8340 HOVER OGE, 70 FT, 100% NR 4.99 Seconds 0.0594 0.00511
84 8411 HOVER OGE, 70 FT, 100% NR 4.99 Seconds 0.0741 0.00692
84 8434 HOVER OGE, 70 FT, 100% NR 4.99 Seconds 0.0674 0.00585
85 8509 HOVER OGE, 70 FT, 100% NR 4.99 Seconds 0.0734 0.00709
88 8804 HOVER OGE, 70 FT, 100% NR 3.42 Seconds — —
88 8837 HOVER OGE, 70 FT, 100% NR 4.25 Seconds 0.0725 0.00650
89 8904 HOVER OGE, 70 FT, 100% NR 5.99 Seconds 0.0782 0.00746
89 8934 HOVER OGE, 70 FT, 100% NR 4.36 Seconds 0.0709 0.00686
90 9004 HOVER OGE, 70 FT, 100% NR 4.99 Seconds — —
100 10004 HOVER OGE, 70 FT, 100% NR 4.99 Seconds 0.0631 0.00605
100 10016 HOVER OGE, 70 FT, 100% NR 4.99 Seconds 0.0591 0.00561
101 10118 HOVER OGE, 70 FT, 100% NR 4.99 Seconds 0.0585 0.00565
102 10204 HOVER OGE, 70 FT, 100% NR 4.99 Seconds 0.0648 0.00584
102 10221 HOVER OGE, 70 FT, 100% NR 4.99 Seconds 0.0605 0.00562
103 10313 HOVER OGE, 70 FT, 100% NR 4.99 Seconds 0.0616 0.00575
105 10504 HOVER OGE, 70 FT, 100% NR 5.51 Seconds 0.0696 0.00602
106 10610 HOVER OGE, 70', WIND:140@12KTS ~ 4.99 Seconds 0.0711 0.00575
107 10705 HOVER OGE, 70 FT, 100% NR 4.99 Seconds 0.0709 0.00665
108 10805 HOVER OGE, 70 FT, 100% NR 4.99 Seconds 0.0714 0.00665
108 10839 HOVER OGE, 70 FT, 100% NR 4.99 Seconds 0.0671 0.00642
110 11004 HOVER OGE, 70 FT, 100% NR 4.99 Seconds 0.0726 0.00683
110 11034 HOVER OGE, 70 FT, 100% NR 4.99 Seconds 0.0654 0.00609
111 11104 HOVER OGE, 70 FT, 100% NR 4.99 Seconds 0.0728 0.00702
113 11304 HOVER OGE, 70 FT, 100% NR 4.99 Seconds 0.0717 0.00678
114 11407 HOVER OGE, 70 FT, 100% NR 4.99 Seconds 0.0671 0.00639
114 11426 HOVER OGE, 70 FT, 100% NR 4.99 Seconds 0.0597 0.00541
115 11505 HOVER OGE, 70 FT, 100% NR 4.99 Seconds 0.0705 0.00676
116 11649 HOVER OGE, 70 FT, 100% NR 4.99 Seconds 0.0735 0.00695
116 11689 HOVER OGE, 70 FT, 100% NR 4.99 Seconds 0.0682 0.00633

Table 17.— Low-airspeed calibration hover counter.

FLIGHT ~ COUNTER DESCRIPTION DURATION Cy/o Cp/o

96 9605 LOW AIRSPEED CAL, HOVER 4.99 Seconds 0.0668 0.00610
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Table 18.— Airspeed sweep hover points.

FLIGHT COUNTER DESCRIPTION DURATION Cy/o Cp/o
85 8524 HOVER, 0 KIASH, CWS=.08 4.995 Seconds 0.0792 0.00792
110 11008 HOVER, CWS=.08 4.995 Seconds 0.0804 0.00724

Table 19.— Hover cases from ground-acoustic testing; prefix-4 data base.

FLIGHT COUNTER DESCRIPTION DURATION
493 49306 HOVER, HDG=173, RUN 600 24.17 Seconds
493 49307 HOVER, HDG=173, RUN 601 24.28 Seconds
493 49308 HOVER, HDG=188, RUN 605 42.88 Seconds
494 49404 HOVER, HDG=173, RUN 602 25.02 Seconds
494 49405 HOVER, HDG=188, RUN 607 24.71 Seconds
494 49406 HOVER, HDG=203, RUN 610 24.95 Seconds
494 49407 HOVER, HDG=218, RUN 615 24.59 Seconds
494 49408 HOVER, HDG=233, RUN 620 25.34 Seconds
494 49409 HOVER, HDG=248, RUN 625 14.99 Seconds
494 49410 HOVER, HDG=263, RUN 630 24.50 Seconds
494 49411 HOVER, HDG=278, RUN 635 24.88 Seconds
494 49412 HOVER, HDG=293, RUN 640 25.13 Seconds
494 49413 HOVER, HDG=308, RUN 645 24.67 Seconds
494 49414 HOVER, HDG=323, RUN 650 24.67 Seconds
494 49415 HOVER, HDG=338, RUN 655 24.47 Seconds
494 49416 HOVER, HDG=353, RUN 660 24.39 Seconds
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Table 20.— Time slices for hover cases in prefix-4 and BH2 data bases.

PREFIX-4 DATA BASE BH2 DATA BASE
COUNTER ~ STARTTIME ENDTIME  COUNTER  STARTTIME END TIME

SEC SEC SEC SEC
49306 0.00 24.17 9306 0.00 5.00
49307 0.00 24.28 9307 0.00 4.99
49308 0.00 42.89 9308 0.00 4.99
49404 0.00 25.02 9404 10.01 15.00
49405 0.00 24.71 9405 11.01 16.00
49406 0.00 24.94 9406 0.00 5.00
49407 0.00 24.59 9407 9.01 14.00
49408 0.00 25.34 9408 5.01 9.99
49409 0.00 14.99 9409 5.01 10.00
49410 0.00 24.50 9410 8.00 12.99
49411 0.00 24.87 9411 0.01 5.00
49412 0.00 25.13 9412 5.01 10.00
49413 0.00 24.66 9413 0.00 4.95
49414 0.00 24.67 9414 5.01 10.00
49415 0.00 24.47 9415 0.01 5.00
49416 0.00 24.38 9416 5.01 10.00

Table 21.— Ground-acoustic testing hover points.

FLIGHT =~ COUNTER DESCRIPTION DURATION Cy/o Cp/o
93 9306 HOVER, HDG=173, RUN 600 5.00 Seconds 0.0671 0.00622
93 9307 HOVER, HDG=173, RUN 601 4.99 Seconds 0.0668 0.00620
93 9308 HOVER, HDG=188, RUN 605 4.99 Seconds 0.0663 0.00609
94 9404 HOVER, HDG=173, RUN 602 5.00 Seconds 0.0684 0.00661
94 9405 HOVER, HDG=188, RUN 607 4.99 Seconds 0.0684 0.00623
94 9406 HOVER, HDG=203, RUN 610 4.99 Seconds 0.0684 0.00628
94 9407 HOVER, HDG=218, RUN 615 4.9 Seconds 0.0679 0.00636
94 9408 HOVER, HDG=233, RUN 620 4.9 Seconds 0.0678 0.00590
94 9409 HOVER, HDG=248, RUN 625 4.99 Seconds 0.0677 0.00582
94 9410 HOVER, HDG=263, RUN 630 4.99 Seconds 0.0664 0.00603
94 9411 HOVER, HDG=278, RUN 635 4.9 Seconds 0.0672 0.00626
94 9412 HOVER, HDG=293, RUN 640 4.9 Seconds 0.0671 0.00626
94 9413 HOVER, HDG=308, RUN 645 4.95 Seconds 0.0668 0.00631
94 9414 HOVER, HDG=323, RUN 650 4.99 Seconds 0.0663 0.00588
94 9415 HOVER, HDG=338, RUN 655 4.99 Seconds 0.0661 0.00581
94 9416 HOVER, HDG=353, RUN 660 4.99 Seconds 0.0663 0.00598
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Table 22.— Stabilized hover points at beginning of 2-3-1-1 flight dynamic inputs.

FLIGHT COUNTER DESCRIPTION DURATION Cy/o Cp/o
112 11206 PEDAL 2311, LEFT, HOVER 19.00 Seconds 0.0730 0.00654
112 11207 PEDAL 2311, RIGHT, HOVER 15.99 Seconds 0.0728 0.00676
112 11208 COLL 2311, UP, HOVER 18.00 Seconds 0.0728 0.00657
112 11209 COLL 2311, UP, HOVER 18.00 Seconds 0.0726 0.00653
112 11210 COLL 2311, DOWN, HOVER 19.00 Seconds 0.0724 0.00665
112 11211 LAT 2311, RIGHT, HOVER 18.00 Seconds 0.0725 0.00696
112 11212 LAT 2311, LEFT, HOVER 17.00 Seconds 0.0723 0.00676
112 11213 LONG 2311, AFT, HOVER 16.99 Seconds 0.0724 0.00683
112 11214 LONG 2311, FORWARD, HOVER 20.00 Seconds 0.0720 0.00663
112 11215 LONG 2311, FORWARD, HOVER 19.00 Seconds 0.0720 0.00690
112 11216 COLL 2311, DOWN, HOVER 19.00 Seconds 0.0719 0.00706

Table 23.— Stabilized hover points at beginning of multi-segmented, flight dynamic frequency
sweeps. Stabilized hover point observed only during Segment 1.

FLIGHT COUNTER DESCRIPTION DURATION Cy/o Cp/o
111 11106 PEDAL SWEEP A, SEG 1, HOVER 25.58 Seconds 0.0714 0.00669
111 11109 PEDAL SWEEP B, SEG 1, HOVER 27.28 Seconds 0.0712 0.00657
111 11112 PEDAL SWEEP C, SEG 1, HOVER 30.29 Seconds 0.0712 0.00660
111 11115 COLL SWEEP A, SEG 1, HOVER 25.29 Seconds 0.0708 0.00671
111 11118 COLL SWEEP B, SEG 1, HOVER 24.39 Seconds 0.0707 0.00675
111 11121 COLL SWEEP C, SEG 1, HOVER 26.06 Seconds 0.0705 0.00655
111 11124 LAT SWEEP A, SEG 1, HOVER 25.70 Seconds 0.0703 0.00665
111 11128 LAT SWEEP B, SEG 1, HOVER 26.25 Seconds 0.0699 0.00640
111 11131 LAT SWEEP C, SEG 1, HOVER 26.40 Seconds 0.0697 0.00655
111 11134 LONG SWEEP A, SEG 1, HOVER 25.70 Seconds 0.0696 0.00655
111 11137 LONG SWEEP B, SEG 1, HOVER 24.10 Seconds 0.0692 0.00659
111 11140 LONG SWEEP C, SEG 1, HOVER 26.66 Seconds 0.0690 0.00626
112 11217 PEDAL SWEEP A, SEG 1, HOVER 25.00 Seconds 0.0718 0.00660
112 11220 COLL SWEEP A, SEG 1, HOVER 24.30 Seconds 0.0717 0.00662
112 11223 LAT SWEEP A, SEG 1, HOVER 26.36 Seconds 0.0715 0.00671
112 11226 LAT SWEEP B, SEG 1, HOVER 27.06 Seconds 0.0714 0.00646
112 11230 LONG SWEEP A, SEG 1, HOVER 24.70 Seconds 0.0713 0.00642
112 11233 PEDAL SWEEP B, SEG 1, HOVER 25.00 Seconds 0.0712 0.00640
112 11236 COLL SWEEP B, SEG 1, HOVER 26.95 Seconds 0.0711 0.00637
112 11239 LONG SWEEP B, SEG 1, HOVER 25.80 Seconds 0.0709 0.00645
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Table 24.— Rotor speed sweep in OGE hover.

FLIGHT COUNTER DESCRIPTION DURATION Cy/o Cp/o
115 11505 HOVER OGE, 70 FT, 100% NR 4.99 Seconds 0.0705 0.00676
115 11506 HOVER OGE, 70 FT, 98% NR 4.99 Seconds 0.0732 0.00705
115 11507 HOVER OGE, 70 FT, 96% NR 4.99 Seconds 0.0766 0.00766
115 11508 HOVER OGE, 70 FT, 102% NR 4.99 Seconds 0.0676 0.00654
115 11509 HOVER OGE, 70 FT, 104% NR 4.99 Seconds 0.0656 0.00625

Table 25.— Center point variation between counters for ground-acoustic hover conditions;

all table 21 counters.

DIRECTION MEAN, FT ~ STANDARD DEVIATION, FT

X 5.1
Y 12.4
Z 236.2

229
243
13.1

Table 26.— Distribution of standard deviation measurements for each counter for ground-acoustic

hover conditions; all table 21 counters.

DIRECTION MEDIAN OF VARIATION, FT RANGE OF VARIATION, FT

X
Y
Z

1.8
3.1
1.0

0.5t04.6
0.7t0 4.4
041t02.1

Table 27.— True advance ratios for ground-acoustic testing hover counters.

COUNTER DESCRIPTION Hy Aty Hy
9306 HOVER, HDG=173, RUN 600 -0.010 0.015 0.000
9307 HOVER, HDG=173, RUN 601 —-0.006 0.016 0.000
9308 HOVER, HDG=188, RUN 605 —0.008 0.014 —0.001
9404 HOVER, HDG=173, RUN 602 -0.016 0.012 0.000
9405 HOVER, HDG=188, RUN 607 -0.016 0.012 0.001
9406 HOVER, HDG=203, RUN 610 -0.018 0.015 -0.001
9407 HOVER, HDG=218, RUN 615 —0.003 0.017 0.000
9408 HOVER, HDG=233, RUN 620 —0.005 0.016 0.000
9409 HOVER, HDG=248, RUN 625 0.006 0.018 0.001
9410 HOVER, HDG=263, RUN 630 0.007 0.017 0.000
9411 HOVER, HDG=278, RUN 635 0.004 0.018 0.000
9412 HOVER, HDG=293, RUN 640 0.010 0.006 0.000
9413 HOVER, HDG=308, RUN 645 0.017 0.005 0.000
9414 HOVER, HDG=323, RUN 650 0.020 0.005 0.002
9415 HOVER, HDG=338, RUN 655 0.015 -0.007 0.000
9416 HOVER, HDG=353, RUN 660 0.018 -0.012 —0.001
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Table 28.— True advance ratios for hover point flown during low-airspeed calibration.

COUNTER DESCRIPTION Hy 2
9605 LOW AIRSPEED CAL, HOVER 0.000  0.002
Table 29.— In-Ground-Effect hover points.
FLIGHT =~ COUNTER DESCRIPTION DURATION Cy/o Cp/o
82 8213 HOVER IGE, NR=100%, NORTH 4.99 Seconds 0.0865 0.00554
82 8217 HOVER IGE, NR=100%, SOUTH 4.99 Seconds 0.0864 0.00550
82 8261 HOVER IGE, NR=100%, NORTH 4.99 Seconds 0.0646 0.00505
82 8262 HOVER IGE, NR=100%, SOUTH 4.99 Seconds 0.0644 0.00524
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Figure 18.— Hover cases compared to previous performance measurements.
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Figure 19.— Tracking data for ground-acoustic hover points. Outline of UH-60A is shown only for
scale; the heading was changed between each test point.
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Figure 20.— Wind speeds associated with ground-acoustic and low-airspeed calibration counters.
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Figure 21.— True advance ratios for low-speed flight conditions: a) ground-acoustic hover counters;
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Figure 23.— Measured normal force for three ground-acoustic hover points with differing
relative wind.
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Figure 24.— Measured normal force for hover at altitude; counter 8524.



UH-60A AIRLOADS CATALOG

0.0
0.865R
J0.0
0.6
Fz 0.776R
= 04 0.0
: 0.876R
3] m
kS) 0.0
© 0.3
1S
B o2} 0.400R J0.0
- .  —— ]
=]
0.1 J0.0
o
& 0.226R
= 0.0 1 1 1 L 0.0
0 45 90 135 180 226 =270 315 360

BLADE AZIMUTH, deg

Figure 25.— Measured normal force for hover at altitude; counter 11008.

63



64

SECTION 5



UH-60A AIRLOADS CATALOG

6. LEVEL FLIGHT

Level flight data were obtained for a number of different flight conditions including: 1) airspeed
sweeps at six weight coefficients, 2) ground-acoustic and inflight-acoustic testing, 3) airspeed
calibrations, 4) housekeeping points, 5) rotor speed changes, 6) a stabilator sweep, 7) roll angle/
sideslip comparisons, and 8) in atmospheric turbulence. These various test data are shown in
figure 26 where the test data Cy,/o values are plotted as a function of the advance ratio. The stall
boundary measured by McHugh (ref. 31) is also shown in this figure. The weight coefficient and
advance ratio data are average values obtained over the duration of the counter using VIEW in
TRENDS.

The majority of the level flight data were obtained during a series of airspeed sweeps, with
values of Cy,/o from 0.08 to 0.13 (see fig. 26(a)). The airspeeds for these data ranged from hover to
the maximum speed of the aircraft, and are discussed below in the section on “Airspeed Sweeps.”
Level flight data were also obtained during acoustic testing, both for the ground-acoustic tests at
Crows Landing, and for inflight-acoustic testing using the YO-3A (see fig. 26(b)). Aspects of these
data are discussed below under “Acoustic Data.” Figure 26(c) shows the airspeed calibration data
and these are briefly discussed below in “Airspeed Calibration.” The test procedures used to acquire
the airspeed calibration data have been previously covered in section 3. The use of housekeeping
points has been discussed before in section 4, and some limited additional discussion is also given
here in “Housekeeping Points.” The housekeeping data points are shown in figure 26(d).

The rotor speed was varied from 96 to 104% Ny at a number of different airspeeds and these
data are shown in figure 26(e). These level flight data are discussed below in the section “Rotor
Speed Sweeps.” The aircraft stabilator angle was varied at one airspeed, as indicated in figure 26(f),
and these data are covered in the section “Stabilator Angle Sweep.” Pilots generally fly a helicopter
in ball-centered flight, which provides a zero roll angle but allows residual sideslip. This flight
approach is compared with flying at a zero sideslip angle in the “Roll Angle/Sideslip Comparison”
section below, and these cases are shown in figure 26(g). The flight card on Flight 106 was
terminated because the turbulence levels were considered to be too high, but limited data were
obtained for these conditions and are discussed in the section “Turbulence Cases” below. The
turbulence level flight cases are illustrated in figure 26(h).

Airspeed Sweeps

Level flight airspeed sweeps were flown at six non-dimensional thrust values from Cy/o = 0.08
to 0.13. The weight of the aircraft was continuously computed by measuring the fuel used during the
flight and this value was subtracted from the initial aircraft weight. The test altitude was then
selected to provide the target value of Cy,/o. During an airspeed sweep a constant value of Cy/o
was maintained by increasing the flight altitude. The smallest practical adjustment in altitude that
could be made by the pilots during these tests was about 50 feet. The pressure altitudes flown for the
six airspeed sweeps are shown in figure 27. This figure was made in TRENDS by creating a Derived
Counter Set using WORDSCAN, based on all counters that include “LEVEL FLT” in their
description. The plot was then made in MINMAX with the pressure altitude shown as a function of
counter number for Flights 84-90.
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The counters for the six airspeed sweeps are tabulated in tables 30 through 35. Table 30 also
includes additional flight counters that were obtained later in the test program at this same weight
coefficient. Table 36 shows the same level flight counters from Flights 84 to 90, but orders them by
weight coefficient and advance ratio.

The flight altitudes selected for the Cy,/o = 0.08 and 0.09 airspeed sweeps (tables 30 and 31)
were computed using the VR04 rotor speed measurement. However, subsequent to these test flights,
it was determined that this measurement had a —1% bias error and, therefore, the weight coefficients
for these flights are slightly beneath the target values. The weight coefficients were computed using
the VROS rotor speed measurement for all subsequent flights and more accurate weight coefficients
were achieved.

Table 30 also includes repeat level flight data obtained later in the program on Flights 110 and
115. In addition, counters are included that are reference conditions for tests to determine the effects
of changes in the stabilator incidence and the effects of sideslip on trim (see below). The asterisk
following the description for Counter 11040 indicates that this is a pseudo-counter obtained from a
different time slice of a normal counter (in this case, Counter 11010). The word “HEAT” in the
Counter 11512 description indicates that the aircraft’s heater was inadvertently turned on for this
test point. The lowest speed point for this airspeed sweep, Counter 8524, was a hover condition. As
there are no suitable ground references at the flight altitude it was necessary for the pilot to fly this
hover point using the HADS low airspeed system. The maximum speed obtained for this weight
coefficient, Counter 8534, was an advance ratio of 0.368. The maximum speed in this case was
determined by the 30-minute power limit of the aircraft engines (Military Rated Power or MRP).

Flight conditions for Cy/o = 0.09, table 31, were obtained in the same manner as for the lower
weight coefficient, except in this case (and at all higher weight coefficients) it was not possible to
obtain a hover point. The minimum advance ratio for which steady conditions were achieved was
about 0.088. Attempts to fly at lower speeds resulted in a loss of vertical control, a situation referred
to as “settling with power.” Records of two of the settling with power points were obtained and are
discussed in section 8. The maximum speed point for this weight coefficient (Counter 8428) was an
advance ratio of 0.368.

Prior to Flight 88 and the level airspeed sweep at Cy,/o = 0.10, table 32, the inboard end of the
100-pin connector used for pressure transducer wiring, was re-wired to correct a recurring problem
of instrumentation shorts. Also, an “engine wash” was performed to remove dirt and other
contaminants from the compressor blades. The wash is accomplished by spraying a cleaning
solution into the engine inlet during a ground run. An additional 450 Ibs of ballast was added to the
aircraft, bringing the takeoff weight to 17,850 lbs. The minimum advance ratio for this sweep was
0.062 and the maximum was 0.355.

The airspeed sweep at Cy/o=0.11, table 33, required flight at 12,000 feet and it was therefore
necessary to install an oxygen system in the aircraft for the use of the pilots and test engineer. The
oxygen system added 85 1bs to the aircraft weight and was strapped down to the aircraft floor
adjacent to the flight test engineer’s station. The minimum advance ratio for this flight was 0.076
and t